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FOREWORD. 
Quite remarkable reductions of frictional drag 
can be obtained under turbulent flow conditions by dis- 
solving small traces of certain additives in a liquid 
solvent. The discovery of the effect dates back nearly 
twenty five years from the present time and was observed 
quite independently both in the U. S. A. and this country 
with quite different substances. 
Towards the end of World war II a grcup of 
researchers were involved in the development of incendiary 
weapons for the U. S. Army Chemical Warfare Service, and 
in 1945 it was discovered that under turbulent pipe-flow 
conditions, a viscous Napalm-gasolene gell offered less 
flow resistance than the untreated gasolene. Due to war- 
time security regulations the publication of these results 
was rather unorthodox and scattered, and lagged the actual 
discovery date by a number of years, the first available 
publication being a U. S. Patent filed by Karol Mysels in 
1949, (1). 
During 1947 the friction reduction effect was 
independently observed in this country by B. A. Toms and 
J. G. Oldroyd, who were working with the Fundamental Research 
Laboratory of Courtoulds Ltd. They were concerned with 
the shear dependent behaviour of high polymer solutions 
in small bore tubes, and using a solution of polyrnethyl- 
methaerylate in monoehlorobenzine found that the flow 
I 
resistance of the solution was less than that of the 
solvent alone under turbulent flow conditions, and at the 
same flow rate. The experimental results of Toms and an 
analysis by Oldroyd were presented in 1948 at the First 
International Rheolop Congress (2). 
TABLE 1. 
Year Cumulative total No. 
of publications. 
1949 3 
1953 3 
1954 4 
1955 5 
1956 5 
1957 6 
. 1958 
7 
1959 9 
1960 /9 
1961 ' 12 
1962 18 
1963 24 
1964 42 
1965 79 
1966 1.140 
1967 190 
1968 210 
1969 280 
1970 320 
1971 400 
A rough cumulative total of unclassified 
world literature directly related to 
drag reduction. 
zI 
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Although interest in this phenomenon is now 
worldwide, the initial developments following the 
original discoveries were very slow. Table 1 shows a 
cumulative count of unclassified documents relevent to 
drag reduction, year by year up to the present time, and 
is based on information collated by Savins (3). Wide- 
spread research activity in this field did not really get 
under way until the mid 1960's when Hoyt and Fabula 
working with the U. S. Naval Ordnance Test Station, 
investigated a whole range of water soluble high polymers. 
They showed that with some of these additives extremely 
large friction reductions were possible with just a few 
parts per million by weight of the polymer in solution. 
A. G. Fabula presented a paper on his work at the Fourth 
International Congress on Rheology in August 1963 (4), 
and J. W. Hoyt presented some further aspects of the work 
in a joint paper with A. G. Fabula at the Fifth Symposium 
on Naval Hydrodynamics in September 1964 (5). 
Results by other workers with rather more con- 
centrated drag reducing solutions were appearing by this 
time, and clearly there were now great possibilities for 
economical exploitation of the phenomenon in a-number of 
practical applications, although the mechanism of the 
effect was not understood. The whole subject now presen- 
ted a most interesting and challenging topic for research 
which was seized upon by both industrial and academic 
III 
scientists and engineers. 
Most of the early research activity with very 
dilute drag reducing solutions was confined to the U. S. A., 
and a general awareness of the phenomenon in the U. K. 
followed publications early in 1965 by A. Emerson (6) and 
G. E. Gadd (7). The author's interest in this subject was 
stimulated after reading these works, and drag reduction 
research at Hendon College of Teachnology was initiated 
almost immediately thereafter. Thanks are due to Dr. Gadd 
for the provision of samples of Guar gum and Polyox, which 
enabled some preliminary pipe-flow experiments to be 
carried out while bulk supplies of polymers were on order, 
and which facilitated early publication of the results 
in 1966. 
When it was decided to register the present work 
for a Ph. D. degree under the Council For National Academic 
Awards, Dr. G. E. Gadd of the N. P. L. Ship Division., and 
Dr. H. Barrow of Liverpool University agreed to supervise 
the work, and Dr. V. G. Pisolkar agreed to act as internal 
college adviser. Acknowledgement is made to these people 
for useful discussions and advice during the course of 
this research. Acknowledgement is also made to Dr. R. J. 
Beale, then head of the Mechanical Engineering Dept. at 
Hendon College of Technology, and to his successor Dr. E. P. 
Booth for the provision of research facilities. 
This Thesis describes the research with drag 
IV 
reducing additives which was carried out on a part time 
basis between 1965 and the present date. As is inevitable 
with such a rapidly expanding field of study, between 85 
and 90% of the published work of others in this field has 
occurred since the commencement of the present research. 
When the work was started surprisingly little 
was known about the drag reduction phenomenon in detail. 
At an early stage it was decided to attac1 the problem on 
a broad front in order to provide as much data as possible 
for likely practical applications and to throw light on 
the mechanism causing the effect. The initial approach 
had of necessity to be largely empirical. The work is 
concerned with internal flows through rough and smooth 
pipes, external flow over bluff bodies and other anomolous 
effects involving heat transfer cavitation and submerged 
jets. The Thesis is conveniently presented in sections 
which are linked together with a general discussion. 
Many of the results herein have been previously 
published by the author in a number of scientific journals 
and symposia transactions. In some instances similar 
findings have been reported by other workers almost 
simultaneously, which is not surprising with such a rapid- 
ly developing topic. It is therefore very difficult to 
designate with certainty to any worker the priority for 
several of the discoveries. 
A collection of the publications by the author 
V 
are presented in the flap at the end of this Thesis, and 
the dates of publication will provide some indication of 
the time scale of the subject development during the course 
of this study. 
/ 
vi 
NOVEIRCL. ATUI E 
a Pipe radius 
Cd Drag coefficient D/-j'Uo2S, 
Cp Specific heat 
D Drag force 
d Pipe internal diameter 
f Friction factor 7w/f2 
h Heat transfer film coefficient, (Heat transfer rate/ 
area x bulk mean temp. diff. ) 
K' Fluid consistency index for non-Newtonian fluid. 
k Thermal conductivity. 
1 Pipe test length 
Nu Nusselt number hd/k 
n' Flow index for non-Newtonian fluid 
Pr Prandtl number pCp/k 
p Pressure 
Ra Dimensionless pipe radius au-'1,4) = Re J£/8 
Ro Dimensionless distance from pipe trall to edge of 
linear sublayer. 
R Dimensionless distance from pipe wall to edge of 
interactive zone. 
Re Reynolds number Vd/U 
VII 
Re' Generalized Reynolds number defined in text 
S Cross sectional area 
St Stanton number h/'VCp = Nu/R Pr 
u Local instantaneous axial ve locity 
U Local temporal mean velocity 
Uo Free stream velocity 
u' Axial turbulent perturbation velocity 
u* Friction velocity wr 
U+ Dimensionless velocity U/u* 
V Mean flow velocity 
y Distance from wall 
Y+ Dimensionless distance from wall ' yu*/lo 
GK Thermal diffusivity k/rCp 
FR Heat eddy diffusivity 
FM Momentum eddy diffusivity 
1 
Viscosity 
V Kinematic viscosity 
r Density 
gor Shear stress 
'7W Shear stress at wall 
N. B. Other symbols are defined in the text where necessary. 
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(1.0) INTRODUCTION. 
(1.1) General 
Experiments in recent years have demonstrated. the 
possibility of reducing turbulent skin friction in liquids 
by dissolving small. traces of certain macromolecular addi- 
tives, such as polymers or other molecular associations. 
A polymer is a substance whose molecules consist 
of a large number of units of a few types. These units 
which consist of a number of atoms are joined by covalent 
bonds. If the units are joined into a continuous chain 
we have a linear polymer, which may or may not have side 
branches. Alternatively the units may be joined into a two 
or three dimensional network. It is the former type which 
is found to be effective in drag reduction, the latter 
class generally being insoluable. 
Molecules may also be joined together through 
weaker bonds to form associations. Where the molecules of 
such associations are orientated in solution they are re- 
ferred to as micelles. Certain micellar solutions are also 
found to be effective in drag reduction. 
The main objects of the present study have been 
to investigate the flow characteristics of such dilute 
solutions in order to throw light on. the drag reduction 
mechanism and to provide data for possible practical appli- 
cation. i1ost of the work described in this thesis is con- 
1 
cerned with pipe flows and boundary layers, but in addition 
some other anomolous features of dilute high polymer solu- 
tions are also discussed. 
Before proceeding to the main theme it is of 
interest by way of introduction to consider briefly the 
dynamics of drag from the historical viewpoint. Having 
discussed reasons for wishing to reduce drag and. techniques 
previously employed, we will then describe work with drag 
reducing additives prior to the commencement of the present 
study. Important work by others in this field since this 
time will be introduced into the main text at relevant 
places where comparison with the present findings is de- 
sirable and where this influenced the development of work 
by the author. 
In order to keep this dissertation to a readable 
length, a complete review of all work in this field w1l1not 
be given, particularly since a number of recent reviews and 
bibliographies are readily available. In fact annual sum- 
maries of world literature on this topic have been monitored 
and prepared by the U. S. Naval Ship Research and Development 
Center since 1967 under the title "Progress in Frictional 
Drag Reduction. " A comprehensive bibliography of publica- 
tions up to June 1970 has also been prepared by the Univer- 
sity of Exeter (See list of bibliographies). 
2 
4, 
(1.2) The Dynamics of Drag - An Historical Summary. 
Our present day civilisation depends on the 
motion of fluids to an enormous degree, and fluid motions 
affect our everyday lives to an extent far greater than 
would be apparent from cursory consideration. 
When a fluid moves relative to a solid surface a 
force is exerted on the surface in the direction of motion, 
which is called iacurrent terminology the drag force. Drag 
was the earliest fluid dynamic force to become apparent to 
man, but despite this fact knowledge about its nature has 
been slow to accumulate and hard won. The development of 
this knowledge from early times can be traced in several 
of the published histories of fluid mechanics such as Rouse 
and Ince (5), Von Karman (9), Giacomelli and Pistolesi (10) 
Goldstein (11) and Tokaty (12). 
Man has made use. of water wind and weather almost 
since pre-historic times and it is indeed surprising that 
a coherent and detailed knowledge of fluid flows has only 
emerged since the beginning of the present century. Even 
today we do not have the complete picture, especially where 
turbulent motions are concerned. Prom the wealth of accumu- 
lated knowledge we may single out perhaps four major steps 
forward which have significantly influenced our understan- 
ding of the dynamics of drag. (This procedure always de- 
pends to some extent on personal preference) These are: - 
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i) The development of the exact equations of motion for 
a viscous fluid, i. e. the so called Navier-Stokes 
equations. 
It was Newton who in 1726 
governs viscous friction. 
generalized into a system 
in 1826, Poisson in 1831, 
and finally by Stokes in 
proposed the law which 
This was later 
of equations by Navier 
Saint Venant in 1843, 
187. 
ii) The discovery of the characteristic differences between 
laminar and turbulent flows, and the significance of. 
Reynolds number. 
Hagan clearly recognised the difference back in 
1854, and even before this time Stokes (1843), 
had remarked that sometimes flows were unstable 
and that the motion could be quite changed by a 
disturbance. It was Reynolds who in 1883 quanti- 
fied the effect by careful observation, and 
deduced the criterion VL/o, later named in his 
honour by Arnold Sommerfeld (1908). 
Reynolds also generalised the Navier-Stokes 
equation to take account of macroscopic momentum 
exchange in turbulent flows. Extra terms appear 
in the equation which involves products of 
velocity fluctuations, now kno= as Reynolds 
stresses. Boussinesq allowed for turbulent 
fluctuations by the introduction of an eddy 
coefficient. 
iii) The Boundary Layer Concept. 
In 1904. Frandtl showed that for low viscosity 
fluids the viscous effects -v; ere only signifi- 
cant in a thin layer adjacent to a solid surface, 
and outside of which the flow could be described 
with good accuracy by inviscid fluid mechanics. 
Within the boundary layer the Navier-Stokes 
ecquation becomes simplified to be amenable to 
L. 
solution for laminar flows. With this concept 
turbulent flows also become somewhat more mana- 
geable. To some extent the existence of a 
boundary layer had been mentioned. before Prundt1., -- 
Rankine (1864), Froude (1874), Mendeleyev (1880), 
Lanchester, but with no equations and no other 
deductions relevant to an understanding of drag 
such as Prandtl's explanation of boundary layer 
separation in regions of adverse pressure 
gradient. 
iv) Similitude 
The theory of dynamical similarity was first 
applied to fluid dynamical systems by Stokes in 
1851, and in more detail by Helmholtz in 1873. 
By writing the Navier-Stokes equation in terms of 
reference physical quantities and perturbations 
therefrom, a functional relationship between di- 
mensionless groups results for similar hydro- 
dynamic and thermal boundary conditions, which 
may then be solved empirically if not analytical- 
ly. Rayleigh in 1892 and subsequent years showed 
that these dimensionless parameters could be de- 
duced on purely dimensional reasoning, and the 
theory of dimensional analysis was subsequently 
developed by Riabouchinsky (1911) and Buckingham 
(1914), into the ip theorem. 
These major advances contributed greatly to our 
present day understanding of drag and to the interpretation 
and application of much empirical data. Furthermore from 
this knowledge of the physics of frictional drag we may 
then consider possible means to achieve a reduction in its 
magnitude. 
(1.3) Drag and possible reduction methods. 
Frictional drag results in a corresponding dis- 
sipati. on or degradation of Energy, and for many years 
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-sc, eigtis-ts and technologists have considered methods to 
minimize this effect. Success in drag reduction can result 
in a number of benefits, depending on the situation. For 
example we may achieve reduced power consumption of a 
vehicle (land or otherwise), or increased speed or size for 
the same power. (Indeed it is only by minimizing drag that 
heavier than air flight is possible). The reduction of 
friction in pipes and channels can result in improved 
throughput, reduced pumping power, or reduced. duct size. 
Again reduction of drag force can result in lighter 
structures. 
All this results in improved performance and 
economics., and possibly equally important in the overall 
sense, a reduction in the rate at which world fuel resour- 
ces are utilized. % 
It is convenient to separate the total drag force 
into components: skin friction drag and pressure drag. The 
former being due to viscous shear stresses and the latter 
due to normal stresses (pressure variation over the surface). 
Pressure drag can be further split up into wake drag (form 
drag), induced drag and wave drag components, as in the 
traditional scheme below: - 
Drag 
Skin friction drag Pressure drag 
Wake drag Induced Wave drag 
(Form drag) drag 
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Wake drag occurs with flows over bluff bodies and in 
diffusing channels in regions where the adverse pressure 
gradient is relatively high. This causes a reverse flow 
and separation of the boundary layer (as explained by 
Prandtl) and consequently limits further pressure recovery. 
The result is a high drag force on the surface and a 
characteristic eddying wake downstream. 
Early attempts at drag reduction sought to mini- 
mise this effect, and immediate benefits are achieved by 
fairing or streamlining to reduce the adverse pressure 
gradient-. This streamlining principle has been known for 
a very long time (although not understood). Leonardo da 
Vinci (1L4.52 1519) said that man should learn from the 
fishes since these live in the water and are shaped to 
move in it easily, and he also sketched some streamlined 
bodies of low resistance and boat hull designs. Sir George 
Cayley'(1773-1857) realized that the downstream portion of 
an obstruction was important from the resistance point of 
view. He also copied nature in the design of early model 
flying machines and it is significant that his measurements 
of the shape of a trout coincide very closely with a modern 
low drag aerofoil shape (9). 
Suitable streamlining can result in immense drag 
reductions, and as an extreme example-we may note that by 
fitting correctly designed fairings to a disc the flow re- 
sistance may be reduced by up to around 95%. (Correspon- 
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ding reductions are possible in pipe flow by fairing an 
orifice plate into a venturi-tube). In this example the 
pressure drag has been practically eliminated and all that 
remains . is skin friction, consequently any 
further drag 
reduction can only be achieved by minimizing the latter 
component . 
A number of other methods of reducing form drag 
have been proposed and used practically. All depend `on 
some form of boundary layer control such as: - 
i) Moving surfaces 
ii) Boundary layer suction 
iii) Downstream blowing, either with a separate device or 
through slots or ducts from some higher pressure 
region in the flow. 
For further details see for example Schlichting (13), 
Goldstein (1L), Hoerner (15), or Tokaty (12). 
Turning briefly now to the other two components 
of pressure drag we may note that wave drag is caused by 
the production of pressure waves (shock waves) in compres- 
sible fluids or surface waves on liquid surfaces. The 
effect may be minimized by suitable design i. e. slender 
sharp pointed bodies. In the case of aircraft wings, the 
formation of shock waves may be postponed to higher speeds 
by means of 'sweepback' and for ships . the wavemaking re- 
distance can be reduced (over a limited speed range) by 
utilizing a submerged bulbous row. 
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Induced drag only occurs with bodies which produce a lift 
force. Here fluid flows around the edge of the body from 
the high pressure underside to the low pressure region 
above and results in the formation of a trailing vortex, 
the energy of which is related to the induced drag force. 
It is possible to minimize this effect on aerofoils by 
using a high aspect ratio (large span/chord) and elliptic 
loading, according to the theories of Prandtl and M. Monk (9), 
but the effect will only disappear with a lifting body of 
infinite span. It is not always recognized that any 
asymmetric body may have an induced drag component, for 
example it is present in the drag force on a land vehicle. 
Having seen that it is possible to eliminate, or 
at least minimize pressure drag we are still left with the 
problem of reducing skin friction. In some situations this 
component may be quite large, and in pipe flows it is fre- 
quently the only component. 
Following Prandtl's statement of the boundary 
layer concept, Riabouchinsky planned to eliminate the 
boundary layer by means of a moving wall (12). It is 
indeed conceptually possible to remove skin friction en- 
tirely by this method, but with an arbitiary shaped body 
the surface velocity must vary in order to maintain zero 
relative motion, and this is not really possible frone the 
technological point of view. 
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Numerous other techniques for reducing skin fric- 
tiön ha. re baenactively studied for several decades, and 
since turbulent boundary layers are more energy dissipative 
than laminar flows, most proposals seek to stabilize the 
laminar situation. Some early success was achieved in the 
development of laminar flow aerofoils (9), which are shaped 
to maintain a favourable pressure gradient over a large 
portion of the chord length and so delay transition. It is 
significant to note that nature has shaped many marine 
animals on this principle. 
Alternative, proposals for reducing skin friction 
include the use of soft coi plient surfaces (which nature 
appears to have adopted for dolphins), suction to control 
boundary layer growth, heat transfer, two phase flow ideas, 
and the use of additives to modify the boundary layer struc- 
ture. A review and extensive bibliography for these methods 
has been presented by Lumley (16), see also the paper by 
Hoyt (17). A decade or so ago the author demonstrated the 
possibility of stabilising turbulent pipe flow and reducing 
pressure loss by rotation of the pipe wall (18), (19). 
From all these possible techniques, the use of 
additives seems very attractive, particularly after it was 
shown that just a few parts per million of certain soluble 
contaminents could reduce skin friction'by over 70% (5). 
The work described in the following pages is devoted to 
studies of the flow characteristics of such dilute solutions. 
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(1.4) Skin friction reduction with soluble sdäitiyes. 
Records of skin friction variations in turbulent 
boundary layers exist since the end of the last century, 
from tests over the years on a standard ship model in the 
Admiralty tank at Iiaslar (20). At times these fluctuations 
in drag have been quite significant as is seen in fig. l, 
taken from reference (20), although early analysis of the 
liquid from the tank detected no apparent difference from 
pure water. For the want of a logical physical explanation 
these drag variations became known as 'Tank Storms. ' We 
shall return to this topic later since it is only compara- 
tively recently that an explanation has been proposed. 
Credit for the first drag reduction experiment 
with an additive should probably be assigned to Hele-Shaw. 
Around the turn of the century he was interested in the 
skin friction on marine animals and tried to simulate their 
soluble slime in a pipe flow by the addition of fresh bile 
to water. This somewhat bizarre solution resulted in a 
reduced pressure drop when compared with the water alone, 
(21) These results have remained generally unknown. 
The possibility of reducing liquid skin friction 
by the diliberate addition of some soluble contaminent was 
re-discovered independently both in the U. S. A. and in this 
Country over 25 years ago. 
Towards the end of the second world war, K. Mysels 
and co-workers were developing incendiary weapons for the 
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U. S. Government when they observed that the pipe flow pres- 
sure loss of Napalm thickened gasolene was less than that 
for untreated gasolene at high rates of flow. Although 
several experiments were carried out the phenomenon was not 
fully investigated because of the war time situation, and 
publication of the results was delayed for a number of 
years due to secrecy regulations. The first available 
publication is a patent filed in 19+7 by M ysels (1), and 
the work was subsequently described in a short paper pre- 
sented by the group, Agoston, et. al. (22). Figs. 2 and 3 
are taken from this reference and show quite significant 
drag reduction in the turbulent flow regime, particularly 
for the smaller pipe size. From the historical point of 
view the story behind this early discovery has recently 
been publ i hed by Mysels (3). 
The friction reduction phenom^non was discovered 
independently in this Country during 194-7 by B. A. Toms and 
J. G. Oldroyd when they were working with the Courtoulds lab. 
and studying the shear dependent behaviour of high polymer 
solutions in pipe flvv. It was found that a solution of 
polymethyl methacrylate (Perspex) in monochlorobenzene re- 
quired a lower pressure gradient than the solvent alone to 
produce the same flow rate, in turbulent flow. These re- 
sults were published in 1948 (2), and in common with the 
earlier findings exhibited a pronounced diameter effect, 
the drag reduction being greater in tubes of small diameter. 
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Fig-4 shows Toms' results as plotted in conventional 
friction factor form by Savins (23). 
These early papers were followed by over a decade 
of virtual inactivity in this friction reduction field. 
Much progress was however being made in the understanding 
of non-Newtonian fluid behaviour. For detailed surveys see 
text by Wilkinson (24) or Skelland (25). 
Real fluids may be divided into two main classes: - 
i) Newtonian fluids 
ii) Non-Newtonian fluids. 
- 
Newtonian fluids are those for which the viscosity 
is absolutely independent of the shear rate, i. e. is an 
absolute constant for each Newtonian fluid at a given 
pressure and temperature. 
Non-Newtonian fluids are those in which the vis-- 
cosity at a given pressure and temperature is a function of 
the velocity gradient, and possibly also the time that the 
fluid is subjected to shear or the rate of change of the 
shear rate. 
It is convenient to sub divide non-Newtonian 
fluids into three classes: - 
i) Time independent 
ii) Time depena.: eant 
iii) Viscoelastic. 
A detailed account may be found in refs. (24) and 
(25). It is emphasized that the non-Nowtoni. an fluids 
iG 
cannot be described by the Navier-Stokes equation. 
In 1955, Metzner and Reed (26) proposed a 
generalized Reynolds number, Re', as a similarity criterion 
for time independent non-Newtonian fluids, and showed that 
laminar pipe flow data was successfully correlated by the 
expression: - 
f= 16/Re' ----------(1 .1) 
and = K' 8n' -1 'where Re' = Dn 
IV2-n' io/ýf 
The flow index n' and the fluid consistency K' 
are easily determined from laminar pipe flow measurements 
since by definition mow = K' (8V/D)n' 
We may note that for a Newtonian fluid n' = 1, 
and K becomes the viscosity. Re' then reduces to Re. 
Although data in laminar flow were correlated 
by equation 1.1, results in the turbulent regime exhibited 
friction factors below those predicted by the Blasius 
expression (f = 0.08/Re) -25 or by the Karman-Prandtl law, 
(1/ft = 4.0 ]. n(Re. f7) - 0.4) even when expressed in terms 
of the generalized Reynolds number. 
An important generalization of the Karman-Prandtl 
expression was made by Dodge and Metzner in 1959 (27), who 
proposed the semi-empirical correlation for turbulent pipe 
flow: - 
1/f [_ 
0.4/(r,, ')' .2 --------- (1.2) 
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This reduces to the familiar Karman-Frandtl law 
in the Newtonian case when n' = 1.0. 
The Dodge-Metzner generalized pipe friction chart 
is shown in fig-5, and appears to correlate most of the 
data from purely viscous non-Newtonian fluids quite 
successfully, and there is also some evidence that the 
transition Reynolds number is increased somewhat for fluids 
-with a low flow index. 
Since the turbulent friction factors for purely 
viscous non-Newtonian materials lie below those for New- 
tonian fluids, it would appear that the addition of some 
contaminent (either solid or soluble) to a base Newtonian 
fluid might yield a shear thinning substance (low n') and 
a reduction in pressure drop. Generally however, the. 
'thickening' action of such additives seems to outweigh 
the shear thinning properties, and nearly always result in 
an increase in the actual pressure drop. (3L). 
We must therefore take care to define drag re- 
duction by an additive as the reduction in friction for the 
same flow rate of solution and solvent. Drag reduction 
will therefore only be apparent on a friction factor chart 
expressed in terms of the solvent Reynolds number. 
By comparing the generalized Reynolds number with 
the solvent value at the same flow velocity, we have: - 
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Re' = Pi 
ty2_n, 
K' f3n*f'- I 
So, R elf P(s) . K' 
Re' I l' 
Reb) = POVD 
/u 
D1.. n 81 -n' 
For most practical situations we fi. n. d from the 
above that Res> Re'. Hence points on a line for n'< I in 
fig-5 will in general be shifted to the right if plotted 
in terms of the solvent properties. The general effect is 
depicted in fig. 6, and for moderately thickened fluids drag 
reduction is still obtained over a limited range of flow 
rate. This type of friction reduction with purely viscous 
fluids is clearly apparent from data by Shaver (28), and 
was also reported but not explained by Hershey and Zakin (29) 
Although the Dodge-Metzner expression was success- 
ful in correlating most of the non-Newtonian data, Dodge 
noted that solutions of carboxmethylcellulose (CMC) in 
water produced anomolous results, which did not fit the 
correlation and which gave very much lower values of fric- 
tion factor. This same effect was also apparent from 
parallel results by Shaver and Merrill (28). Furthermore, 
the friction factor values for the anomolous fluids de- 
pended on the pipe diameter, the values being lower with 
small bore pipes, and also the friction reduction only 
occurred in the turbulent flow regime.. These phenomena are 
all consistent with the early drag reduction results by 
Mysels et. al. and Toms. At an early date the effect of 
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drag reduction by soluble additives became known as the 
Toms phenomenon, Fabula (4), presumuably while the work 
by Mysels et. al was largely un-noticed. More recently 
Savins (3) has proposed that the effect should be shown as 
the MOT phenomenon, which is fully endorsed by the author 
in view of the early contributions by Mysels, Oldroyd and 
Toms. 
An early discussion of drag reduction possibili- 
ties was made by Savins (23) and practical application to 
oil well drilling operations was described by Ousterhout 
and Hall (30), and Lummus et. al. (31), during the early 
1960's. 
Interest in the MOT effect was greatly increased 
during this period when other possible practical applica- 
tions became apparent. The U. S. Naval Undersea Warfare 
Center became interested in the use of additives to reduce 
the propulsion power requirements for underwater weapons 
etc. and it was here that Hoyt and Febula made some note- 
worthy discoveries. 
Hoyt and Fabule (5), used a disc rotating in a large 
reservoir to investigate a whole range of water soluble 
polymers and showed that with some of these, very large 
friction reductions were possible with just a small trace 
of the polymer in solution. Previously drag reduction was 
observed with relatively concentrated solutions which were 
both shear thinning and viscoelastic, but it was now found 
2i 
that some additives produced a greater friction reduction 
in very dilute solutions which were not shear thinning, 
and had viscosity values only slightly greater than water. 
It was soon after the arrival of Hoyt and Fabula's paper 
in this country that the present work was started. 
X1.5) Notes on the physics of shear flow turbulence. 
Before proceeding with a description of the 
present experiments it is useful to include a brief account 
on the physics of turbulent shear flows. This will. then 
provide some basis for discussion of the experimental re- 
sults. It should be emphasized that at the present time 
complete physical explanations on the nature of turbulence 
are not available. 
Detailed accounts of turbulent lows are given in 
texts by Bradshaw (51), (this is a particularly readable 
introduction), and Hinze (52), and in papers by Kline 
(53), (72), (73), Lighthill (5LE) and Phillips (55). 
Numerous other important works are cited in these publica- 
tions. 
Turbulence may be expected in a fluid whenever 
there is a shear flow and the inertial effects are much 
larger than the viscous effects, The ratio (inertia force/ 
viscous force) is the Reynolds number. The onset of turbu- 
lence occurs as a conseqtuence of instability in the mair. 
flow. At Reynolds numbers below some critical value which 
depends on the geometry of the flow boundaries, any dis- 
turbance introduced into the flow will decay downstream 
from its point of introduction. Above the critical 
Reynolds number however, disturbances may be amplified and 
the effects of small disturbances can be detected well 
downstream. Turbulence may be described as a random field 
of vorticity and can only be properly described in statis- 
tical terms. 
Turbulent flows are dominated by large eddies 
whose wavelength is the same order of magnitude as a 
boundary layer thickness or pipe radius. These eddies 
seem to arise from some sort of instability in the &hear layer 
close to the wall, leading to the growth of a preferred 
type of three dimensional disturbance. This 'bursts' away 
from the wall and grows downstream as is clearly seen from 
the hydrogen bubble pictures of Kline et. al. (53), (72), 
(73), and from the present work, figs. 85 and. 86. These 
large bursts of vorticity are then stretched by the mean 
flow velocity gradient and break up into smaller and 
smaller eddies until eventually the smallest are dissipated 
into heat energy by viscosity, Bradshaw (51). However, the 
turbulence in the main flow certainly triggers off instabi- 
lities in the wall layer, thus replenishing the production 
of turbulent kinetic energy. We hav ý , therefore: a continu. - 
ous spectral cascade process from production at relatively 
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low wave numbers (frequencies) to dissipation at high wave 
numbers. 
A useful schematic diagram representing the pro- 
duction, spectral transfer and decay of turbulence in this 
limit cycle has been published by Kline (53) and is repro- 
duced below: - 
MECHANICAL ENERGIES IN THE MEAN FLOW STREAM 
(FLOW WORK, KINETIC AND POTENTIAL ENERGIES) 
1PRODUCTION OF 
P= TURBULENT 
CI14ETIC ENERGY 
DIRECT 
DISSIPATION K \1= 
BY THE MEAN `-D LOW 
TURBULENTy HIGH 
INETIC WAVE WAVE \\ KINETIC' FLOW FIELD 
NUMBERS \ ENERGY \\ NUMBERS 
DISSIPATION Or 
d= TURDULENT 
KINETIC ENEP. GY 
LOCAL SINK FOR ENERGY 
(INTERNAL THERMAL ENERGY OF FLUID) 
A guide to the relationship between the different 
contributions to the energy content of a Newtonian turbu- 
lent flow may be obtained from the turbulentkinetic energy 
equation, Bradshaw (51 ), Hinze (52), Kowalski (56). 
Staring with the Na. vier-Stokes equation for 
steady incompressible floe with zero body forces: - 
Us ä ýcý 'r "ty 
Fd_ 
%i-a x4 
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and the continuity equaticin: - 
"a ui 
=0 
, 'e note that these non-linear equations cannot be generally 
solved for turbulent flow. (Here in tensor notation the 
suffices i, j, take the values 1,2,3, corresponding to 
the x, y, z directions. ) 
The above equations may be put into the Reynolds 
form by writing quantities in terms of time mean values 
and perturbs tons Therefrom (51 ), (56) 
Z : t! ax; 
au a+ýý 
0 
ýxi ' aacl 
The terms f (t;, Uý are referred to as Reynolds 
stresses. 
Multiplying the Reynolds equation by ß'j' +(ýý 
and time averaging leads to the turbulent kinetic energy 
equation: - 
U4 U. 
U3 
'aX1 a 
f e, (11) 
(. 
1 *1 {) 
-a 
ýLZa: xi ý 
i; ý1) (4) (vi) 
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The six terms of this equation may be interpreted 
as follows: - 
i) Convection of the Kinetic energy associated 
with turbulent velocities by the mean velocity 
gradients. 
ii) Convection of kinetic energy of the 
turbulent velocities by the fluctuating com- 
ponents of velocity. 
iii) Production of turbulent kinetic energy by the 
interaction of Reynolds stresses and the mean 
velocity gradients. 
iv) Transport of turbulent kinetic energy by 
pressure fluctuations. 
v) Transfer of turbulent kinetic energy by viscous 
interaction of turbulent eddies. 
vi) Viscous dissipation of turbulent kinetic energy 
into heat. 
These represent terms that we would like to mea- 
sure. This has been carried out with gases (Kiebanoff, - 
in boundary layers; Laufer, - in pipe flow) see refs. (51 ) 
and (52), but such measurements are extremely difficult in 
liquids and even more so in polymer solutions. At present 
we have to content ourselves with less detailed investiga- 
tions. As far as drag reduction is concerned terms iii and 
vi appear to be the most important. 
Some energy is also dissipated from the mean flow 
directly by viscosity. This dissipation is given (53) by. - 
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b_ rv(av: 0- +ýu0-)a0ý axs azt ax. j 
The production of turbulent kinetic energy, term 
iii may be written as (53): - 
U +a0., aus axi axe)ýxý 
From these we see the ratio: - 
This relationship may easily be determined from 
mean velocity profile measurements (see egn. 2. I1.; i; ). 
In common with other aspects of fluid mechanic: a, 
dimensional analysis plays an important part in the study 
of turbulent flows, particularly where data correlatione 
are concerned. 
It may be assumed that close to the wall in a tur- 
buient boundary layer of pipe flow, the veloc=ity gradient 
depends onZ.., C., v, (. Following Bradshaw (51) simple dimen-- 
sional reasoning then yields the so celled. 'law of the wa]i"ý-- 
U/u* = 1/k In y+ const. (k is a constant) 
This relationship has been used elsewhere in this 
thesis as a basis for data correlation. 
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(2,0) THE PRES ?. TT tXPERIM'EVTTS. 
(2.1 
. 0) PIPE FRICTION EXPERIMENTS ýNTITH GUAR GUM SOLUTION 
The initial pipe friction experiments were 
carried out with aqueous solutions of Guar Gun in a range 
of hydraulically smooth pipes. This additive was selected 
for the preliminary tests because it ,, was known to be an 
effective drag reducer and apparently not -uscept ibl e to 
mechanical degradation, from previous work by Hoyt and 
Fabula (5) and Gadd (7). Guar Gum is a natural long chain 
polymer extracted from the Guar plant grown in India, 
Pakistan and the U. S. A. The molecular weight is around 
2. oxi o5 . 
(2.1.1) Pipe Friction Apparatus. 
A schematic layout of the pipe flow apparatus 
used for the initial tests is shown in fig. 7. This rig 
consisted of a rack of drawn copper pipes with internal 
diameters of 3/4,1/2 and 3/8 in. (19.05,12.7, and 9.52mm) 
and with pressure tappings situated 2,6 and 1Luft. (0.61, 
1.23 and 4.27m) from the entry end. Pressures were normal- 
ly measured at the latter two tappings to provide as long 
an entry length as possible and to ensure fully developed 
flow. In. addition a short length of 0.. 090 in. (2. i8rý!! iz) 
diameter pipe was used, with pressure ippings at CS and 
2L1. in. (152 and 61Gnri) 'ram the entry. 
2 
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FIG. 7 SCHEMATIC LAYOUT OF TEST RIG. 
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Great care was taken whilst drilling the 1/16 in. 
(1.58mm) diameter pressure tapping holes in order to pre- 
vent burrs on the pipe interior, and the consequent measure- 
ment errors which would be caused thereby. A pilot hole of 
about 1/32 in. (0.78mm) was first drilled at each tapping 
point in the pipe, and these were opened out in stages to 
the final size. Any remaining raggingin the pipe bores 
was then removed with fine emery cloth wrapped around the 
end of long rods and inserted into the pipes. 
Fluid was drawn from a fibreglass sump and sup- 
plied to the pipes through suitable control valves by a 
centrifugal pump. The flow rate was measured by collecting 
the pipe discharge in a volumetric measuring tank, and the 
fluid temperature at the exit was measured with an ordinary 
mercury thermometer. The pressure difference between any 
selected pair of pressure tappings was measured with either 
an inverted water manometer or with a. mercury manometer. 
(2.1.2) Test Procedure. 
The system was filled with ordinary mains water 
and the pipes and manometer leads were bled to eliminate 
any air bubbles. Measurements of the pressure gradient 
along each pipe were taken over a wide range of flow rate 
and these results provide a possitive"check on the appara- 
tuss, since they agree extremely? dell with those from a 
standard pipe friction chart. 
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This procedure was then repeated with solutions 
of Guar Gum at various concentrations up to LL80 p. p. m. by 
weight. The weighed quantity of additive being sprinkled 
and stirred into the sump contents whilst the solution was 
circulated through the system by the pump. 
A small quantity of insoluble matter (husks etc. ) 
was found in the Guar Gum powder, but no attempt was made 
to filter the solution. If any degradation of tha solution 
occurred during the tests this became apparent by a rise in 
the pressure loss. When this occurred the solution was im- 
mediately discarded and a fresh mixture viras used. The 
fluid temperature during all the tests was about 25°C. 
(2.1-3) The basic results. 
Some typical results obtained in the 1/2 in. 
(12.7mm) die. pipe are shown in fig. 8, in the form of a 
friction factor chart. The Reynolds number was based on 
the solution viscosity, which was determined from measure- 
ments made with an ordinary capillary viscometer, and 
from laminar flow results taken from the smallest bore 
pipe. For the concentrations used the Guar gum solutions 
were found to be Newtonian under laminar flow conditions, 
no shear tninning could be detected, and the solution vis- 
cosities were only slightly greater ttran that of water. 
Table 3 below presents the solution viscosities relative 
t 
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to water, which were used to cniculate the pipe flow 
Reynolds numbers. 
TABLES . 
Solution Concentration Rel. Viscosity 
(p. p. m) (Ojywater) 
120 1.12 
2.0 1.20 
480 
- 
1.35 
L- I 
Returning to fig. 8 a number of features are im- 
mediately apparent. Enormous friction reductions are 
obtained with only small traces of the additive in solu- 
tion. The drag reduction occurs only in the turbulent 
flow regime, and only above a threshold Reynolds number 
which depends to a very small extent on the solution con- 
centration. Results with all the other pipe diameters 
were of similar form to these. 
Fig. 9 shows the flow characteristics of a fixed 
concentration of Guar Gum solution in the range of pipe 
sizes. Also included are some data cross plotted from 
work by Elata and Tirosh (33), which was published st 
this time. 
As was found by a number of previous investiga- 
tors using more concentrated solutions, pipe diameter has 
a cOnsiderable effect on the drag reduction, the reduction 
being greater with the amaller pipe. a1.., es, for the same 
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polymer concentration and Reynolds number, Once again the 
results with different concentrations were similar in form 
to those in f'ig. 9. 
It can be seen from fig. 9 that drag reduction for 
a given polymer concentration only occurs above a certain 
threshold Reynolds number which depends on the pipe size. 
Below this critical value the fluid exhibits normal Newton- 
ian viscous behaviour, although for pipes of very small bore 
ordinary turbulent flow is never established if the threa- 
hold Reynolds number for these is less than 3,000. 
Some deductions from the pipe flow results. 
A study of friction factor charts like fig. 9 
indicates that for a given polymer concentration the thres- 
hold number appears to correspond to an absolute value of 
the wall shear stress'tw. e&sY irrespective of the pý. pe din- 
meter. This is easily checked as follows: - 
Using the definition of friction factor 
'; 4= 1/2rv/', with the Blasius law, 
f= const.. Re 4, which is valid. for the Reynolds 
number range of these experiments, and is applicable up to 
the threshold Reynolds number, it can be seen that 
f 7 
't = Corlst. Re, 
/Q`ý 
Jý 
So that if the thre sh. oid. Reynolds number for the onset of 
drag reduction corresponds to a fix value of Tw, then 
Re(ONSETj = tonst. d8/7 
This relationship agrees very well with the experimental 
data. The fact that drag reduction only occurs above the 
threshold value of the wall shear stress for pipes of all 
diameters now suggests a possible data correlation m. ethod: - 
If we again make use of the Blasius expression 
we find 
`1"w= 112rv2(vdU)-" 
25 
", 
r 
i. e. Tv = tonst. v1 - 
75/d 25 for a given 
Newtonian fluid in turbulent flow. 
This relationship consists of a series of 
straight parallel inclined lines for different diameters 
when plotted in the form2u'Tw against ln. v. If data for 
a given polymer concentration are now superposed on thie 
plot we find that it deviates from the solvent characteris- 
tics above Tw ca. lT. in a series of nearly straight parallel 
lines. 
The idea is sketched cut in f ig .1Q and to is 1e#ds 
immediately to a data correlation technique. Referring 
to f. i. g. iO we see that for a girren wall shear stress 
the meals flow velocities in pipes of diameter 
d, ý snd d2 with polymer solution. are vI and v2 recpccttiv=ely. 
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For these SADE velocities we see that the wall shear stress 
for -the solvent i3Twlo) , due to the similarity of the near 
triangles a1 b1 c1 and a2b2c2, Thus the drag reduction 
'7w(o) 
-'w) at velocities vI and v2 is independent of' pipe 
diameter. 
We are thus led to the data correlation proposed 
in fig. 11 I. Here the wall shear stress for the solution is 
plotted against the corresponding wall shear stress for the 
solvent at the same mean flow velocity. Results for a 
480 p. p. m. Guar Gum solution are shown together with the 
aforementioned data from Elata and Tirosh (33) and a single 
point from Hoyt (1+1). For the range covered the correla- 
tion seems to be remarkably good, in that nearly all the 
experimental points lie along a unique line irrespective of 
pipe diameter and the threshold wall shear stress is clear- 
ly shown. 
Fig. 12 shows results from all the pipe flow ex- 
periments plotted in this universal correlation form, but 
only relatively few typical experimental points have been 
shown to avoid confusion. Data from the small bore pipe 
tests have only been included well above transition, and 
with this limitation the correlation is extremely good. 
Figs. 13 to- 15 illustrate the sane correlation 
plotted in a slightly different form, being linear-log 
plots of percentage drag reduction against n (0 . These 
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graphs show up any scatter rather better and are probably 
more useful for direct practical application. The scatter 
is due largely to measurement errors, there being no sig- 
nificant diameter effect. 
Some further confirmation of the correlation is 
provided by data published by Elata, Lehrer and Kahanovitz 
(57), which was published in 1966. Fig. 16 shows that their 
results correlate extremely well by the present technique. 
With all these results we can see that the thres- 
hold wall shear stress is only slightly affected by solution 
concentration for very dilute solutions, but is reduced with 
higher concentrations. We will return to this point at a 
later stage of the discussion. 
The fact that the present correlation holds over 
a range of pipe sizes from 0.090 in. (2.38mm) to 2.0 in. 
(50.8mm) diameter, (a 20 to 1 ratio), gives some confidence 
for cautious extrapolation to the larger sizes used in 
practical installations. 
(2.1.5) Degradation. 
The results of previous work (Hoytand Fabula 5) 
and (Gadd 7) indicated that many synthetic polymer drag re- 
ducing additives were rapidly degraded by mechanical shear- 
ing and soon lost their effectiveness. - Guar gum solutions 
however were show to be quite stable in this respect. 
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As was previously mentioned the foregoing results 
were all obtained with freshly mixed Guar gum solution and 
if any degradation occurred during the tests then the mix- 
ture was discarded. Sometimes -the apparatus could be run 
for periods approaching one hour before any serious degra- 
dation occurred, which again indicates that Guar gum is 
very stable with respect to mechanical shear. Often, 
however, degradation occurred much more rapidly. A jelly 
like precipitate was found at the bottom of and adhering to 
the sides of the fibreglass sump, which presumably reduced 
the effective concentration of the remaining solution. It 
seemed that the insoluble particles found in the Guar gum 
powder formed nucleic onto which the soluble polymer mole- 
cules were adsorbed. Furthermore, prior to using the fibre- 
glass sump a few tests were carried out using a very dirty 
and rusty container, and it was found that very rapid degra- 
da Lion of the solution occurred with the formation of a 
jellylike precipitate. A test with a carefully filtered 
sample of Guar gum solution was run in the rig for a very 
much longer period of time before significant degradation 
occurred, and subsequent teats by Poreh et. al. (58) with a 
chemically clean rig showed no degradation over very long 
periods of time. 
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(2.2.0) PIPE FRICTION EXPERIMENTS 
WITH SYNTHETIC POLYMERS 
A series of pipe friction experiments have also 
been carried out using dilute agqu. cous solutions of two syn- 
thetic high polymers, namely Separan NPIO -a polyacrylamide 
supplied by the Dow Chemical Co., and Polyox WSR 301, a 
poly (ethylene oxide) manufactured by Union Carbide Ltd. 
Both of these additives are very rapidly degraded by 
mechanical shearing and the closed circuit rig previously 
utilized could not be used. Consequently a once-through 
method of testing was adopted, the rack of pipes being sup- 
plied from a large roof mounted header tank, and the solu- 
tions were discarded after collection in the measuring,. tanl s. 
(2.2.1) Solution preparation. 
A standard procedure was adopted for the prepare- 
tion of these dilute polymer solutions. The weighed 
quantity of additive was dispersed in a small quantity of 
alcohol and was then. carefully and gently stirred into a 
large bucket of water. Gentle stirring was continued for 
a period of 1/2 hour and the solution was then mixed with 
the water in the header tank and left for a further 1/2 
hour period. Another gentle mixing then preceeded the test. 
2.2.2) The basic results. 
Fig-17 shows some pipe flow results with a 
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solution of Separan NNP10 at various concentrations in pipes 
of various diameters. This additive is seen to be a much 
more effective drag reducer than Guar. Gum solution although 
the results exhibit the same phenomena, namely a diameter 
effect and threshold wall shear stress. Results from the 
small bore pipe appear to approach a maximum drag reduction 
asymptote with increasing concentration and the upward 
trend of these results at the higher Reynolds numbers or 
higher shear stress values is apparently due to degradation. 
The relative viscosity of the solutions is shown in table 4, 
and at the concentrations used the solutions were found to 
behave in a Newtonian manner under laminar flow conditions. 
TABLE 
_}1 
Solution Concentration Rel. Viscoaity 
(P"P"m) (10/bwater. ) 
60 1.03 
120 1.07 
240 1.25 
Figs. 18 and 19 illustrate results obtained with 
dilute Polyox WSP 301 solutions in pipes of. 3/8 in. (9.52mm) 
and 3/4 in. respectively. Again the asymptotic nature of 
the drag reduction with increasing concentration can be 
seen. Furthermore the threshold wall' shear streases with 
these solutions are clearly very much lower than those for 
Separan, which in turn are less than those for Guar Gum. 
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Fig. 20 gathers together on a friction factor 
chart some of the present results with those of other 
workers which were available at this time. Exact corres- 
pondence would not be expected due to different mixing 
procedures and different batches of polymer, since the 
molecular weight is not guaranteed by the manufacturer. 
Again degradation is apparent at high shear rates, particu- 
larly with the lower concentrations. 
A comparison of figs. 20 and 17 indicates that 
the maximum drag reduction asymptote is about the same for 
both Separan and Polyox solutions. In fact subsequent 
studies by Virk et. al. (59), who analyzed a whole collec- 
tion of much more recent data, showed that this maximum 
asymptote is the same for all polymeric drag reducing 
additives and. represents the maximum drag reduction obtain- 
able. 
Virk et. al. (59) show that the best line through 
all the available data points on the asymptote are corre- 
lated by the following expression: - 
1/J-f = 19.0 log10(i e, r) - 32. )4 
This relationship fits the data in figs. 14 and 17 extreme- 
ly well. 
In common with the other solutions, those with 
polyox were also found to be Newtonian under laminar flow 
conditions for the dilute concentrations used. The 
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relative viscosities used in calculating Reynolds numbers 
for the preceeding figures we--, °e once again determined by 
capillary viscometry and from measurements in the small bore 
pipe. These are shown in table .5 and it is seen that the 
solutions are only very slightly more viscous than water. 
TABLE 
Solution Concentration 
(p. p. m) 
Rel. Viscosity 
(vA tiva ter) 
10 1,010 
26.4 1.024 
30 1.028 
60 1.070 
66.0 1.075 
120 1.145 
(2.2.3) Empirical data correlation. 
The success of the wall shear stress plot in 
correlating the Guar gum results prompted its adoption for 
the latter two polymers. Once again the percentage drag 
reduction is determined by comparing the wall shear stress 
of the polymer solution ('Dw) with that of the solvent 
the same mean flow velocity. 
Fig. 21 shows the limited data obtained with a 
60 p. p. m. solution of Separan. The correlation is remarka- 
bly good, results for the 3/8 in. (9.52mm) and 3/4 in. 
(19.05mm) dia. pipes lying along a unique line. Degrada- 
tion is apparent at the high shear end of the curve. 
Results for the extremely dilute 2.2 p. p. m. and 
58 
0 
0 N 
0 0 
0 
N 
7 
0 
In 
0 
s 
äv 
CO O 
1 J 
O 
mßx" 
xx 
tl '` 
np0ÜOOO 
tý ,: ý Ln V c"ý ýv - 
0 
0 
0 
0 
ý° 
ö 
0 
. --" N 
. i.. 1 W 
(O w 
V 
ý" 
0 
k, D 
0 
a 
Co 
z 
0 
H 
H 
U 
W 
Pi 
0 
H 
H 
P-4 
N 
., 4 
w 
59 
(NIr &) - 
0"1 0. s 1o s"o to 'so 100 goo 
K 
K 
p2 0. IK 
O"C 
o. cxc V- 
o"oot (>O1 0-10 ro to 
PIPE FRICTION CORRELATION. 
2.2 p. p. m. Soln. POLYOX WSR 501. 
Fig. 22. 
" 
. 0- DEGRADATION 7v 
tta "1000 
OOQ' PIPE 
SYMBOL PIPE DIA. 
  314 IN . 
K 31$ IN. 
Y " 0.09 1N. 
A 1. Oß 0.1. (O. 4O2 1N] (TABULA) 
Ra " 2000 
3/! ' PIPE. 
{y " 70 00 
ý'- 114' FIP E 
loo 
so 
10 
5-O T 
I. O 
0-S 
U"t 
60 
0 
01 
of 
0 
0 Ln 
N 
7-0 
0 
0 
It) 
0 
0 
ö 4 
a 4 
x 
X 
F1 
ýc O 
m X 
Q 
O Z_ 
V. 
?Ü Q 
w 
M zm 
ON 
OO 
4 MM O 
J 
O 
Op000 O 
--ý--- °ý, NO117f143y E)"a 
0 
0 
N 
-u 
ý-i-ý "-r. 
ýi. 
O. r. ý 
Oo 
.. 3 ý" 
ö 
6 
U 
O 
Ö 
O 
O 
to 
a to 
0 ä 
a 
a 
N 
N 
z O 
H 
H 
U 
z O 
H 
H 
J 
Av 
H 
Ai 
ai N 
W 
61 
I0 
I. 0 
w to 
0.1 
0-01 
o"oo1 ý- o"ool 
(HIMI 
od ho to too 1000 
ýr. ý_ TýT'TTl"'rTT'"ýT. rT-PTA 
500 
o"a O. 1 (. 0 Ib M 
?, 
_e4 
(ib{fft`) 
PIPE FRICTION CORRELATION 
6.6 p. p. m. So7. n. POLY OX 1 $x301 . 
Fig. 24. 
/ s 
Ao 
As 
a 
--r-- DEGRAD ATION 
./A 
i 
A. " 10 00 x 
O. OO°PI PE'^"`- 
SYMBOL PIPE DIA. 
O 314 1 N. 
X a/! 1 N. 
" 005 IN. 
A {"p7 CM. (O. * IN( (FAIIULA) 
J046CM. Lo-R S IN] WESTERN CO. 
2 t IN SEA WATER 1 
R, -7000 
7l11'PIPE 
. 2000 
314 PIPE 
100 
so 
f 
10 
Z 
S"O 
1. O 
O"! 
A"1 
62 
0 
0 
0 
0 
0 
in 
0 
Z 
0 
in 
6 
0 
'" z 
O I 
ww 
-Cl 
L]CD 
7" I3 
t7 _ 
U 
QC 
Jw 
Q L L. 
Ö in 3 
v Tä 
" O C), ü 
0 zz 
zz 
ä 
It co 
8Ö 
a cn O- 
J 
O 
m 
Elx 4ß 
000000O0 
co N %0 U., Iq mN. 
--"---- 'gyp NouDn cri oVzi(1 
0 
0 
1; 7ý 
'I- 
-4 
r 
O `" 
0 
O3 
ö 
0 
O 
O 
Ö 
O 
0 
r U 
co 
0 
ä 
P 
ä 
s 
O 
H 
E-i 
U 
z 
O 
H 
H 
0 
H 
t6 
eq 
W 
63 
10 
1"C 
N 
L 
0. 
A 
r' 
0.0 
0.001 - 
o"ooi 
(NIM`) 
0-1 10 10 too 1000 
--r--r- -, --, -ý-r'ý-^-n 
0.01 0.1 1.0 10 20 
Two (? MJita) -- 
PIPE FRICTION CORRELATION. 
66 p. p. m. Soln. POLYOX WSR 301. 
Fig. Z6. 
/ 
- - / f 
/ 
P.. 2000 
O. OV' PIPE - 
SYMBOL PIPE DIA. 
0 3: 4 IN. 
x 3JB Itt 
" O. 09 In 
A 1.02 CM. (0.402 IN) (FABULA) 
st'. 200 0 fO 46 CK (O. 1515 IN. 1 (WM ERN CQ) 
318' PIP E 
j 
0 IN SEA %A1ER 
PA-2000 i 
i 
3/4" PIPE 
ti 1 
i 
11'J 
oý 
} 
.T 
; "o 
"O 
D. 5 
o-1 
64 
8I 
0 0 
0 In 
z 
tn 
0 
In 
0 
.1 0 
0 
"O 
p to 0W 
QV 
, ý azzz ýä ýz 
Q 
ÄU 
.JVc x t j w 1J N~ äw ýn v w 
OxQp 
OOOO 
Co r tn 0000 
% NOllýCloýa ý>ao 
65 
0 
. 1. i 
Q 
O 
F-{ 
H 
fa 
ý-a 
Fi 
n 
H 
_U 
oä 
U 
H 
U 
JO 
06 
6.6 p. p. m. solutions of Polyox are correlated quite satis- 
factorily in figs. 22 and 25. Above a wall shear stress of 
about 1.0 lbf/ft2 (L. 8 N/N2) degradation is very rapid, 
shown by the sharp fall off in drag reduction with increas- 
ing flow rate. 
Data from tests with a 66 p. p. m. Polyox solution 
also correlate reasonably well by the present method, at 
least for the larger pipe sizes. Points from tests in the 
0.090 in. (2.38mm) dia. pipe however, show less drag reduc- 
tion at a given wall stress than those from pipes of 
greater diameter. This is not surprising since drag reduc- 
tion in the small pipes is limited by the drag reduction 
asymptote, and the correlation cannot work for data oil or 
very close to this limit, as is explained in the next 
section. 
Another observation which can be made from the 
present results is the considerable variation of the thres- 
hold wall shear stress with Polyox concentration, which is 
much greater than that found with Guar gum solutions. 
(2.2. L) Limitations of the wall shear stress correlation 
method. 
The present data has been shown to correlate very 
well by comparing the corresponding wall shear stresses of 
solution cnd solvent in pipe flow at the same mean fl.,, -, N 
velocity. This technique eliminates the pipe diameter 
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effect and, makes possible the tentative extrapolation of 
results from moderate diameter pipes used in laboratory 
experiments to larger ones used in practical installations. 
The limitations of this method must be carefully noted if 
it is to be correctly applied. 
The correlation works because of the parallelism 
of friction factor lines for pipes of different diameter 
which deviate from normal turbulent flow at the threshold 
wall shear stress. The drag reduction is limited by the 
maximum asymptote and results with small pipes may approach 
or reach the asymptote as is shown in fig. 28. The asyrnp- 
tote may also be approached by increasing the concentration 
of a given polymer in a particular pipe. 
By the correlation, the drag reduction is constant 
for a given well shear stress and polymer concentration 
irrespective of pipe diameter, but this must fail to hold 
near or on the asymptote where the friction reduction would 
be less in a small pipe than in a larger one for the some 
wall shear stress. This is clearly shown in fig. 29 which 
is a plot of wall shear stress against mean flow velocity 
for two pipes of diameter dI and d2, showing the normal 
turbulent flow relationship (solid lines) and the corres- 
ponding drag reduced flow based on the asymptote (dashed 
lines). 
Using the Blasius xilat ionship as in fi. g. 7,,,; e 
have for turbulent flow: - 
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Tw = 1/2rv2f 
1 /2ev2.0.08(vd/U )-O. 25 
0.08(0/2 u 0.25 ) v1 "7 
ßd0.25 
const. 1 . v1'75/d0.25 
A power law which fits the asymptote for 
Re = 4000-40000 is given by Virk et. al. (59) as f= 
0.59Re-0'58, which gives the corresponding wall shear 
stress as: - 
`Tw =0 . 59(f, 
'2. %0.58) vl. 
L2/do. 58 
= const -2 , vl " 
42/d0.58 
From these relationships we see in fig. 29 that 
the asymptote lines for diameters dI and d2 are more widely 
spaced and have a smaller slope than the corresponding 
lines for ordinary turbulent flow, and for a given wall 
shear stress we see that the drag reduction in the small 
pipe (a1 c1) is less than that in the larger pipe (a2c2) . 
Based on the preceeding data the wall stress 
correlation would seem to be quite reliable provided that 
it is not used neer to the asymptote or close to the tran- 
sition Reynolds number. 
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(2.3. o) n. ý_TA CO FL. J. TION BASED ON 
_Vl_Týoc7 
ýýY PfOPILEs. 
Two zone mod-1 
We have seen (section 1 . 5) that simple dimen- 
sional reasoning applied to turbulent boundary layers and 
pipe flows close to the wall yields the dimensionlea3 
velocity distribution known aU the "Law of the wall. " 
By neglecting the transition or 'buffer' layer, 
the velocity profile on ordinary pipe flow can be approxi- 
mated with good accuracy by Prandtl's two zone model., which 
consists of a thin linear viscous layer adjacent to the wall 
and a turbulent core, described by the law of the wall ex- 
pression. This is shown in fig-30 and a full description 
may be found in any basic fluid mechanics text. 
uý 
Ra 
u+_U/U* 
Y+ =yu / 
whereU 
_fP 
---- Blending or bjff-p. 
Ir 444 
Zone 1 is given by uu=y} 
Zane 2 is given by u"'' , 1n y* +B 
that: - 
Experiments in normal turbulent flow indicate 
A= 1/k - 2.5 
B=5.5 
Ro comes from the intersection of zones 1 and 2 
works out to be 11 .6 
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By integrating this velocity profile between 
limits of the pipe radius and the axis, we can easily show 
(see appendix 1) that: - 
1 /f f=1 /tk f)( in Re J- In 2+ kRo -- In Ro - 3/2) 
Now pipe friction experiments in turbulent flow yield valuee 
for k and Ro from this equation which are very similar to 
those derived from velocity profile measurements quoted 
above, and this affords some degree of confidence to the 
use of the two zone model. 
On the assumption that such a profile is universal. 
it is apparent from the above equation that if polymer addi- 
tives are to bring about a reduction in friction factor, 
then either k must be reduced or Ro increased, or both may 
possibly change. 
Mean velocity profile measurements in polymer 
solutions are not straightforward since the calibration of 
instruments such as small pitot tubes or hot film anemome- 
ters may be affected by the additive and result in measure- 
ment errors. However, even quite early reliable measure- 
ments such as those by Wells (37), Ernst (60) Elata et. al. 
(57) and Goren and Norbury (61) showed the common signifi- 
cant result that with very dilute solutions the slope 
(A=1/k) of the logarithmic core region wss unchanged by the 
additive and merely displaced upwards. ' pwards .' The effect on the 
buffer layer was not very clear from these early results. 
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Correlations almost identical in form were 
published in 1966 by Lever (62) and by Elata et. s1. (57), 
which were based on these velocity profile measurements, 
the idea being basically as follows. 
Referring to fig-31 the velocity profile for a 
given polymer concentration was assumed to follow through 
zones 1 and 3, resulting in an increased value of the 
dimensionless sublayer thickness from Ro to Ro' 
u+ 
Zone 1, u += y+ 
Zone 2, ut =A in y+ 4-B 
Zone 3, ui =A Zn y++B+pB 
Fig-31 TWO ZONE V , OCITY PROIPTLE MODI'1 FOR DILUT: 
POLYME1 SOLUTIONS IN TURBULhNT FLOW 
As before integration of this profile and assuming 
that Ro' is still quite smell yields: - 
1/ - 1/4k 4= in Re In 2r + kRö' - In Ro' -- 3/2) 
It is now possible to deduce values for Rot (orA B) from 
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R0 Rol 
tt ý. "' 
pipe friction measurements by, knowing corresponding values 
of f and Re. 
Using both friction data and velocity profile 
information for a 500 p. p. m. solution of CAC (Sodium Car- 
boxymethylcellulose) which is a moderotely effective drag 
reducer, rnst (60) found that &B was P. unique function of 
the wall shear stress, given by: - 
ABo: log (u*/u*thresbold) with apparently no 
diameter effect. Similar work by Elate et. al. (52) with 
Guar gum solutions indicated a similar result, namely: - 
.2 (Ro` - Ro}d, log u* for a given concentration 
Values for the dimensionless sublayer thickness 
Ro' have been calculated from the present pipe friction 
results using this two zone model, and the results are 
shown in fig. 32. Contrary to the resul-ýs of Ernst and the 
statement by Elata et. al. these results show a weak but 
significant diameter effect. Purther i when re-analyzed, 
the data of Elata et. al. also show considerable scatter 
when plotted in the form of fig-32, and many of the experi- 
mental points for the large pipes lie above those for the 
smaller ones as is found with the present data. 
Although correlations of this type mo, y work with 
very dilute solutions., a serious limitr. tion is that as the 
concentr; ition is increased with consequent increases in Ro', 
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the limiting case would be laminar flow with a linear pro- 
file when zone I reaches the pipe axis. This is certainly 
not the case in practice as drag reduction is limited by 
the maximum asymptote. 
(2.3.2) The three zone velocity profile model. 
The limitation of the two zone model is overcome 
when we consider the three zone model recently proposed by 
Virk et. al. (59) 
The friction factor equation which fits the drug 
reduction asymptote for all polymers: - 
1/Ji = 191og10Re jf - 32.4 can be related to 
a semi logarithmic velocity law away from the wall given by: 
u+ = 11.7 In yt - 17.0 
that the Prandtl-Karman law: 
1/jf- = t.. log10ReJ - o. L4. 
the velocity law: 
2.5 In y+5.5 
in the same way 
is related to 
(See Virk et. al. 59) 
We thus have the two zone models shown in fig. 33 for the 
universal velocity profiles of ordinary turbulent flow and 
for drag reduced flow on the asymptote. 
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.. ' Zone I u+=y+ 
Zone 2u ,A In y+B 
I 2" Zone 3 u+= 11.7 in y17. O 
Fig-33 TYPICAL VELOCITY PROFILE 
WITH POLY1t'TR ADDITIVE 
Whilst no velocity profiles have been reported 
w 
for conditions of maximum drag reduction, some profiles 
under very high but less than the maximum have been 
published, for example those by Goren and. Norbury (6-1), and 
their form is sketched as a dotted line on fig-33 
This prompted Virk 
zone model 1.3-4 for the uni, 
For zero drag reduction this 
model, and as drag reduction 
diminishes in. size until the 
pipe axis. 
et. al. (59) to propose a three 
versal velocity profile, Fig. 34. 
is identical to the Prandtl 
increases the core zone 4 
asymptote zone 3 reaches the 
ex (But see Section 2.7.0 of this thesis) 
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The three zone model may be integrated across the 
pipe radius to give a relationship for the friction factor, 
and this results in the following expression, see appendix 
2: - 
I /JF = 1.768 in Re, - 16.51 + 6.5 in RI +268.1/Reff' 
- 9. Z2.1 /R e 
Ff 
From a knowledge of friction factor and Reynolds 
number we may hence evaluate the corresponding values of 
Rý These calculations have been carried through for many 
of the preceeding results with Guar gum, e gran and Polyox 
solutions. Since the calculation procedure involved an 
iteration process a digital computer was used. 
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ReLü-b R, 
Zv, LS-0, 
Values for the wall layer thickness, R1 calculated 
fror the present. Guar gum results are shown in figs. 35 to 
37. Despite some data scatter, for the low concentrations 
it seems that Ri may be described by an expression of the 
form: - 
R1 = 11 .6+ In{ý ý, 
/'ýýlohýQE) )x const. 
where the proportionality constant 
depends on the solution concentration. This is basically 
similar to expressions proposed by Ernst (60) and Elata 
et. al. (57), for the two zone velocity profile model. 
With the 480 p. p. m. solution there does seem to 
be a small but significant diameter effect, the value of R 
for a given wall shear stress being slightly higher for the 
larger diameter pipes. 
It is of interest to compare fig-37 with fig-32 
which shows corresponding values of the sublayer thickness 
g0' based on the two zone model. The diameter effect 
appears to be about the some in both figures, but the three 
zone model indicates nearly twice the wall layer thickness 
compared with the two zone model predictions. 
Fig-38 presents results for R1 based on the data 
by Elata et. al. (57) for three concentrations of Ou. ar gum 
solution. Once again the diameter effect is indistinguish- 
able With the lowest eoncentra. t. ions, and only just apparent 
with the 800 p. p. m. solution at high values of the wall 
shear stress. 
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The results depicted in fig. 39 were calculated 
to provide a compatibility test between the wall shear 
stress correlations described earlier, and the three zone 
velocity profile model. These results are determined from 
the line passing through data for 800 p. p. m. Guar gum 
solution in fig. 16 and random points have been calculated 
for pipes of different diameter. Again we see very little 
diameter effect except at high wall shear stress values. 
Fig. 40 shows results reduced from the pipe 
friction measurements with 60 p. p. m. Separan solution. 
Data from the 3/4 in. diameter pipe are somewhat limited, 
but there is apparently no diameter effect between the 3/4 
and 3/8 in. (19.05 and 9.52mm) pipes. It should be noted 
that the results from the 0.090 in. pipe lie beneath those 
from the larger ones for two reasons: - %' 
i) Because the polymer is apparently undergoing 
degradation at the high shear stress levels 
in this small pipe. 
and ii) Because RIýRa and Ra in small bore tubes may 
be below the value of RI calculated for larger 
pipes. . 
The values for Ra (= Re f/8) are plotted in 
fig. 1.0 for the small bore pipe. 
Results for Polyox solution at concentrations of 
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2 p. p. m. and 6.6 p. p. m. are shown in fig-41. No diam-e-ter 
effect is seen with the very dilute solution, but for the 
6.6. p. p. m. concentration values for R1 c: lculuted for the 
3/4 in. pipe lie below corresponding values determined 
from 3/8 in. pipe data. It should be noted that this 
diameter effect is opposite to the trend with Guar gum 
solutions seen in fig-37 for example. Similar results are 
seen in fig-42 for 66 p. p. m. Polyox solution. Points from 
the 0.090 in. (2.38mm) pipe are once again lcw for tue 
reasons cited above. 
It is of interest to compute the actual thickness 
of the wall layer for various solutions, which may be done 
by determining the ratio Ri/Ra, which is the ratio of wall 
layer thickness to the pipe radius. Fig. Li. 3 shows results 
calculated for 480 p. p. m. Guar gum solution in the 1/2 in. 
(12.7mm) pipe, and these are shown together with an 
arbitrary Newtonian sublayer thickness based on R0= 11.6 
for comparison. With this solution the wall layer is still 
relatively thin when compared with corresponding calcula- 
tions for Pclyox solutions shoAn in figs. !4 to 46. with 
Folyox at even quite moderate concentrations the wall 
layer thickness can be considerable compared with the pip- 
radius. This explains the reduced turbulence found in dye 
injection studies in small bore pipes reported by, Gadd (6; ). 
In these experiments R1 is close to fa. 
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(2-4-0) FLO'N OF POLYMER SOLUTIONS Il. 
PIPES l KITH EY'Q EM !E 
The evidence presented so far indicates that the 
skin friction reductions obtained in turbulent flow are 
related directly to a wall effect in which the polymer 
molecules somehow react with the turbulence processes in 
the 'buffer layer' causing increased thickness. In situa- 
tions well away from the asymptotic condition, the core 
region well away from the wall seems practically unaffected 
by the additives since the mixing constant k obtained from 
the slope of the semi logarithmic velocity profile is 
apparently unchanged. This is not surprising since large 
eddies are inertial and unlikely to be affected by additive 
molecules. 
This evidence then would suggest that "free" tur- 
bulence in the absence of. a wall would be unaffected by 
dilute solutions of drag reducing additives, but this is 
not always the case.. For example Wu (46) has measured the 
rate of spread and decay of turbulence created by a paddle 
which was given a single oscillation. in a large tank, and 
found considerable suppression of free turbulence with 
Polyox solutions above 25 p. p. m. which was the lowest con- 
centration he used. 
Submerged jets provide another ratans to study 
the turbulence damping properties of various additives 
93 
without the influence of a wall and these sometimes show a 
very marked and visible reduction of small scale eddies, as 
is described later in this thesis. 
It is possible to produce a flow with the 'wall 
effect' eliminated, in a rough pipe. Provided that the 
height of the rugosity is increased so that it extends well 
beyond the buffer layer into the core zone then the flow 
behaviour is fully turbulent or wholly inertial, the drag 
then being directly proportional to the square of the 
velocity. Observations of this flow can then test whether 
the turbulence structure is affected by polymer additives 
merely by comparing the flow resistance with and without 
the additives. 
A suitable rough pipe was manufactured from brass 
rod which was axially drilled to produce a hole 0.516 in. 
(13.1mm) in diameter, and then tapped with an extension tap 
of 5/8 in. Whitworth thread form. This resulted in a 
slightly truncated thread with 0.055 in. (1.4m) depth to 
act as the rough surface -- a cross section of which is shown 
in fig. 47. In order to ease manufacture, the pipe was 
fabricated from 8 in. (203mri) lengths, which were then 
joined together in axial alignment with collars to produce 
a rough section 4 ft. (1.22mm) long. Smooth entry and exit 
sections were provided, the bores of which were the same 
as the core of the threaded pipe. The entry, length was 
Li. ft (1.22mm), and static pressure tappings were provided 
94 
CROSS SECTION OF THREADED PIPE 
Fig. 47 
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2 in. (50.8 '1) upstream and do<<m. 31trearn from the rough 
section. 
(2.4.1) (a) Tests with Guar gum solution. 
The rough pipe assembly was inserted into the 
pump-circuit previously described. Pressure lose measure- 
ments were recorded over a wide range of flovr rate for 
both water and dilute Guar gum solution in various concen- 
trations, and the results of these tests are shown in 
fig-48. The mean flow velocity and Reynolds number have 
been based on the core diameter of the threaded pipe. 
Flow characteristics of this polymer in a 1/2 in. (12.7mm) 
diameter smooth pipe are also shown in fig. 44 for com- 
parison. 
It can be seen from fig. 48 that Guar gum mole- 
cules have only a slight effect on the pressure drop along 
the rough pipe up to a concentration of 480 p. p. m. which 
was the highest used, although an enormous dreg reduction 
was observed with the smooth pipe. In fact very slight 
INCREASES of drag are discernable for these solutions 
which could imply some-very small change in the turbulence 
structure. 
(b) Tests with Polyox solution. 
Some pressure loss measurements hove also been 
carried out for the flow of Polyox WSR 301 solutions along 
the rough pipe. Since this polymer is very susceptible to 
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mechanical degradation, a once-through method of testing 
was adopted, the pipe being supplied with fluid from a 
herder tank. 
Preliminary tests showed considerable scatter -- 
much more than could be accounted for by errors of experi- 
mental measurement. The pressure loss characteristics 
appeared to depend somewhat on the pre-history of the 
polymer solution and it was only by adhering rigidly to 
the standard mixing procedure previously described, that 
any degree of repeatability could be obtained. 
The results of the experiments are shovm in 
fig-49 and despite the scatter some clear and rather unex- 
pected trends are discernable. It is seen that the Polyox 
additive can result in a drag reduction for all except the 
very lowest concentrations. This increases with both con- 
centration and Reynolds number and is clearly due to wall 
layer thickening which has previously been demonstrated to 
be very much greater with Polyox solution than with Guar 
gum. In the drag reduced zones on the friction factor chart, 
the wall roughness height is certainly not great enough to 
ensure a fully inertial flow. 
It must be stated that these rough pipe experi- 
ments were carried out with a different batch of Polyox to 
the previously described smooth pipe tests and the compara- 
tive smooth pipe results shovm in fig. 49. This letter 
batch was more effective as a drag reducer and. produced 
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even greater increases in the wall layer thickness. This 
is seen by comparing; the 'fresh' results in fig-54 with 
those in figs-44 and 45. With this newer batch the wall 
layer increases very rapidly at the higher values of wall 
shear stress or Reynolds number, and the onset of drag 
reduction occurs rr, rhen the wall layer overcomes the wall 
roughness. This takes place at lower Reynold, numbers with 
increasing concentration. 
Below the onset of drag reduction we have a fully 
inertial flow and in this region the drag is seen to be 
considerably increased, very much more so than with the 
Guar gum solutions. Once again this would indicate a change 
of the core region turbulence structure. Drag increases 
have also been reported by Kelashnikov et. al. (6L. ), (65) 
in a fully rough couette flow experiment. 
These results were first published by the author 
some time ago, before the extent of wall layer thickness 
was fully appreciated, and the tentative explanations for 
drag reduction in the rough pipe discussed in refs. (P. 1F) 
and (P. 10) are now considered suspect. 
* (See publication-, at end of this thesis). 
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(2-5-0) THE EFFECT OF AGIl' G ON DAG -REDUCTION 
WITH DILUTE POLYOX EGLUTTCNS 
Brennen and Gadd (66) found differences between 
the properties of freshly mixed solutions and those, which 
had been stored for some time. They found that detectable 
elastic effects (normal stress differences) disappeared 
after storing dilute solutions for several days although 
drag reduction measured in a rotating cylinder device was 
hardly affected. Very small changes were also observed in 
the viscosities of these solutions. Differences in. the 
behaviour between freshly mixed and aged solutions have 
been found in connection with the drag of spheres and wall 
attachment experiments - these are discussed later in this 
thesis. 
In view of this it was decided to repeat some of 
the previous pipe flow experiments, this time using aged 
solutions. Flow resistance tests were carried out in three 
pipe sizes, 1/4 in. (6.35mm), 1/2 in. (12. jmm) diameter and 
the threaded pipe, using the once-through method of testing, 
the pipes being fed from an 80 gallon (350 litre) fibre- 
glass tank situated in the roof of the laboratory. Larger 
pipes could not be used because of the limited capacity of 
the header tank. 
Fig-50 shows results obtained with a 30 : W. p. m. 
solution of Polyox VSR 301 which had been stored for seven 
days in the roof tank prior to conducting the tests. 
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During storage the tank was compl°teiy covered with a 
black cloth since it is known that sunlight can bring 
about degradation of the polymer (7). 
Fig-51 shows results from a freshly mixed 
solution using the same batch of polymer, for comparison 
purposes. 
Fig-52 shows these results in the form of the 
wall shear stress correlation. It is clearly seen that 
aging has considerL)bly increased the threshold wall shear 
stress below which no drag reduction occurs, and further- 
more there is no detectable diameter effect in this plot, 
since results with the aged solution in the 1/4 in. 
(6.35mm) and 1/2 in. (12.7mm) pipeslie on a unique line. 
It is interesting to note that the slopes of the lines in 
fig-52 for both fresh and aged solutions are roughly 
parallel. 
Values of the wall layer thickness (RI) using 
the three zone velocity profile model have been calculated 
from these pipe friction measurements and are depicted in 
fig-53. We see that the wall layer is very much thinner 
with the aged solution than with the freshly mixed one, 
and we also see that there appears to be a unique relation- 
ship between RI andTw for the aged solution with no detec- 
table diameter effect. 
Differences in the physical thickness of the wi11 
layer between fresh and aged solutions are sbc. 'wn in fig. 54 
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and this can explain the droZ reduction found in the rough 
pipe only with the freshly mixed solutions. The ag3d solu- 
tion caused a drag increase in the rough bore, pipe but only 
for Reynolds numbers above about 10 . 
These aging effects can be brought about artifici- 
ally by prolonged gentle mixing (66) and we apps ntly hove 
the paradoxical situation that if the solutions are mixed 
too perfectly then we may achieve reduced drag reduction. 
,' 
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QV 
(2.6.0) DRAG REDUCTION VII M .A MICELLPJ 
SOAP SYSTE, s . 
In connection with some fundamental chemistry 
experiments, Nash (67) - (69) found that when mixtures of 
cetyltrimethylammonium bromide (C`? B) and derivatives of 
naphthalene are dissolved in water, highly viscoelastic 
gels may be formed. However, the proportions and. methods 
of mixing were fairly critical. When correctly mixed, the 
additives result in the formation of micelles which strongly 
affect the properties of the solution. It was found that 
the solution when swirled in a beaker retarded very rapidly, 
and sometimes after coming to rest, a rotation in the re. - 
verse sense was seen. 
By using the rotating cylinder apparatus described 
in ref. (7), Gadd demonstrated that large reductions of 
frictional drag could be obtained with these additives 
correctly in solution, and no mechanical degradation was 
found. 
Clearly there were possibilities for practical 
application of this system, and this led to the comprehen- 
uive series of pipe flow experiments described here. The 
closed circuit pipe flow rig described in fig. 7 was used 
for these tests with additional pipes of 1/4 in. (6.35mm), 
1 1/2 in. (38.1mm) dia. and the threaded section which 
were subsequently added to the apparatus. Equi-molar 
aqueous solutions of CTTB and 1 -nsphthol were used for all 
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the tests since this proportion seemed to be the most effec- 
tive following the early work by Nash. Pipe friction 
experiments were carried out with total equi"-molfar solutioi, 
up to 508 p. p. *n. concentration, but rheological properties 
were determined. from laminar flow measurements in the 0.090 
(2.38mm) in. pipe with higher, concentrations. 
(2.6.1) Solution Preparation 
The solutions were all prepared by first dissol- 
wing the weighed quantity of CTAB in water, and then the 
1-naphthol which had previously been dissolved in alcohol, 
was slowly added drop by drop from a burette whilst the 
solution was circulated around the pipe rig. An inooluble 
precipitate is formed if the naphthol is added too rapidly. 
(2.6.2) Solution Properties. 
For shear thinning fluids which obey the Ostwald 
power law: - 
du n 
Tw =K(dy) tine flow index, n, 
may be determined from laminar pipe flow results. By making 
use of the h ooney-Rabinowitsch equation (25) and following 
the work of Metzner and Reid (26) we can show that: 
1/n =d in 8v /d 
d. In `Y. 
or 1 /n =dlnF, v d. 
ä Zn dgl/)4 
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In other words n may be obtained from the slope of logarith- 
mit plots of Ap against the flow rate Q. 
Suitable laminar flow measurements were taken in 
the 0.090 in. pipe which was fed from a small header tank. 
The derived values for the flow index are shown in fig-55 
for equi--molar solutions of CTAB/1-naphthol at various con- 
centrations up to about 2,000 p. p. m. This shows that with 
concentrations used in the pipe flow experiments (508 p. p. m. ), 
the solutions were Newtonian (n=1 ), and pseudoplasticity was 
found only with the higher concentrations. Vclues for the 
viscosity of the dilute solutions are given in table 6. 
TABLE 6 
y 
: (water) Total Conc. (p. p. m) 
1.05 122 
1.07 254 
1.13 381 
1 .18 508 
Ap2ýrox. relative viscosity of an eguimol. ar 
solution C-lAB/1 -naphthol. 
(2.6.3) The pipe friction results. 
The basic pipe flow results are shown in figs. 56 
to 59, and these exhibit some most unusual features. The 
Reynolds number in all the- se plots is based on the viscos- 
ity of 'rater. 
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This soap system is seen to be an extremely 
effective drag reducing agent, and there is no evidence 
of a threshold stress for the onset of friction reduction 
and the corresponding diameter effect as is found with the 
polymeric additives. The reduction of drag terminates at 
a limitir. g value of the Reynolds number which depends on 
pipe size and the concentration of the solution. Above this 
limiting value the flow tends to behave as an, ordinary 
Newtonian fluid, with the experimental points following the 
line for the solvent. This effect cannot be ascribed to 
permanent degradation as is found with polymer additives, 
since drag reduction was again obtained merely by reducing 
the flow rate. This limiting Reynolds number effect has 
also been noted by Savins (70) with another more concentra- 
ted soap system. 
These results were repeatable over a period of 
several days, however, degradation eventually occurred as 
a result of oxidation. This is further discussed later. 
The limiting Reynolds number for a given solution 
concentration corresponds roughly to a f'i-xE ivalue of the wall 
shear stress irrespective of the pipe diameter. This is 
shown in figs. 61 to 63. Values of the limiting w. i1l shear 
stress for different concentrations are shown in f1. ß;. 64. 
From the preceeding results it seems likely that 
the micelles are disrupted at high shear rates and re-unite 
when the stress is reduced. Now if the termination of drag 
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reduction above the limiting stress does result from a dis- 
ruption of the micellar structure then the solution viscosi'tr 
may well be reduced at these high shear rates. TL. is cer- 
tainly seems to be the case in figs. 56 to 59. since well 
above the limiting stress the friction factors correlate 
along the standard pipe friction line with solution viscosity 
based on that of water. At low Reynolds numbers the viscos- 
ity increase above water is apparent from the mis-match with 
the 1 oisieulle flow line. It must be mentioned however that 
some tests carried out in a capillary tube, in which the 
limiting stress was exceeded under laminar flow conditions 
showed no marked change in viscosity. This would indicate 
that scission of the micelles is not simply an effect of 
high mean shear but is likely caused by some characteristic 
of the wall layer turbulence dependent on wall shear stress. 
Some -. friction factor results derived from 
tests in the rough pipe are shorn in figs. 56,57 and 59 
for different concentrations, and once again a limiting 
Reynolds number effect exists, although at lower values 
than with a smooth pipe of about the same diameter. At 
high Reynolds numbers the friction results are indestinguish- 
able from water, but before this region is reached a strange 
plateau exists which has not been explained at present but 
is certainly a repeatable eff`ect. 
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(2_. 6.4) The effect of solution concentration, 
In order to show up the effects of concentration 
changes, some of the 'pre: ceding results have been re-plotted 
in figs. 6L. and 66. These show pipe friction results with 
different concentrations in pipes of 1/2 in. (12.7mm) and 
1 1/2 in. (38.1mm) diameter respectively. It is seen that 
a reduction of concentration causes a decrease in the limit- 
ing stress as was previously noted, but has little effect 
of the drag reduction below this stress until the concentra- 
tion is reduced below about 200 p. p. m. when drag reduction 
disappears completely and rather suddenly. 
(2.6.5) Correlation of friction data. 
If the reduced friction results obtained with 
these micellar soap systems are compared with polymer addi- 
tive findings, we see that the soap systems follow the 
maximum drag reduction asymptote found with the -polymers. 
This is clearly shown in figs. 68 to 71. These figures show 
results only below the limiting stress values, in order to 
avoid confusion, and the Reynolds numbers in these cases 
are based on the solution viscosities. It is seen that for 
the effective concentrations (greater than 200 p. p. m. ) the 
frictional drag is given very closely by Virk's semi- 
logarithmic asymptote expression: - 
T/JT =19 log10(Relf) - 32.4 
II I+ 
This equation holds irrespective of pipe diameter 
or solution concentration, and would make practical appli- 
cation of these results very simple. 
(2.6.6) Temperature effects. 
The high drag reductions obtained with these 
CTAB/1-naphthol solutionB together with their resistance 
to mechanical degradation gives strong possibilities for 
useful practical applications. This fact was seized upon 
by Fitzgerald (71), who suggested that there may be an 
important application in the heating and ventilating field. 
In this connection the effect of temperature on 
these solutions is of practical interest, and some results 
are shown in figs. 72 and 73. In order to obtain these 
results both the 1/2 in. diameter, and threaded pipes were 
lagged with asbestos lagging, together with the associated 
supply piping. The solution in the sump was heated by a 
secondary circuit consisting of a tank and electric immer- 
sion heater, circulating pump, and a coil of copper tube 
which was immersed in the main sump. This was preferable 
to the alternative method. of placing the immersion heater 
directly in the main sump since any local high temperature 
or boiling around the heater may have caused premature 
de6radai; ion of the test solution. 
It is seen from, figs. 72 ; end 73 that moderate 
heating has little effect on the drag reducing pr: °opertics 
115 
of the solution apart from cvusirig -, small reduction in the 
limiting stress value. Betteen 35 and )4000, a complete 
breakdown occurs and above 4000, the solution is completely 
ineffective. This is consistent with the observations by 
Nash (68) during early experiments with this system. 
This loss of effectiveness with ternp--ratur°e se-: ems 
due to a breakdown of the micelle structure, but when the 
temperature was reduced below 350C after previous heating, 
then drag reduction was once again obtained. 
(2.6.7) Effect of age of the solution effectiveness. 
After conducting these heating tests the same 
solution was re-tested on the following and successive days, 
when the solution had cooled to room temperature. Fi . 7L. 
shows that when cooled the solution practically regained 
its initial effectiveness and. remained effective for over 
one week. During this period of time the solution took on 
a brown colour due to oxidation, and a precipitate slowly 
formed. After about nine days oxidation rendered the 
solution completely ineffective. 
The lack of thermal stability, and the fact that 
this soap system degrades with age, reduces the likely field 
of practical application. Nash* has suggested that other 
naphthol derivsatiVes may produce solutions which are more 
stable towards oxidation, and these eartainly require 
further investigation. 
*(Nesbt T. Private co: munication). 
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(2.7.0 OBSE'; IVf'1TTONS ON THE Fß. "0'. '! STRUCTURE 
AND VELOCITY PROFIL ES OF THE COi, 'PI. EX 
SOAP SYSTEM I. PIPE FLOW 
We have previously seen that the CV-. B/Naphthol 
solutions produce reduced drag given by Virk's asymptotic 
expression, irrespective of pipe diameter or concentration 
within the range investigated. As far as the available 
evidence goes this represents the maximum drag reduction 
obtainable, and the flow characteristics under asymptotic 
conditions are therefore of high interest. A qualitative 
and quantative picture of such flows have been obtained by 
using the pulsed hydrogen bubble technique (72). It is very 
convenient to use the present micellar system for such rin 
investigation because asymptotic conditions are achieved 
with low concentrations in large diameter pipes, and 
furthermore the solutions are not susceptible to mechanical 
degradation. 
(2.7.1) The test rig and test procedure. 
Fig. 75 shows a schematic layout of the apparatus 
used for this investigation. A drawn Poirspex pipe of inter- 
nal diameter 1 1/2 in. (36.1mm) was fed from a sump by a 
centrifugal pump and a 0.055mm dia. wire was stretched 
across a diameter about 150 pipe diameters frcm the entry 
to act ss the cathode as shown. A copper tube do nstreem 
from the wire completed the flow circuit back- to the sump 
'137 
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and also served as the anode. Flow rates were measured by 
timed weighing and were monitored with a rotemeter. A 
pulsed voltage of square wave form (0 - 30v) was applied 
between the anode and cathode, and the pulses of small. 
hydrogen bubbles swept downstream from the wire were illu- 
minated by a transverse sheet of intense light just below 
the plane of wire. 
A series of photographs was taken of the flow 
patterns at various flow rates, and from these the axial 
velocity at a given distance from the pipe axis was deter- 
mined by measurement of the displacement between two succes- 
sive pulses, knowing the pulse frequency. Optical ab:. "ration 
was minimized by surrounding the observation region of the 
pipe by a rectangular Perspex box filled with water. 
(2.7.2) Experimental results. 
Some typical photographs obtained with crater, are 
shown in fig. 76. With Reynolds numbers above 3,000 the 
flow is noticeably turbulent and velocity profiles are 
quite flat. At high Reynolds numbers the pulses have become 
quite diffused by the turbulence. 
Fig. 77 shows some corresponding results obtained 
with an equi-molar solution of runplitho"I at . 
508 p. -, ). m. 
total, concentration. The velocity profiles are ge ýe a11y 
much more peaky tean with Water,, rind. smell. sc le turbulence 
bas haen considerably suppressed by the additives. The fact 
It 39 
that large turbulent eddies remain is seen from the dis- 
tortion of the pulse shapes. 
A comparison of the photographs, figs-76 and 77 
shows that the bubble pulse lengths with the soap system 
are considerably shorter than those for water although the 
pulse unit settings were identical for both. Bubbles grow 
on the wire and are not swept from it until the dreg force 
on them becomes sufficiently great. The drag force on the 
hydrogen bubbles in the soap system is likely to be less 
than in water, see section 2.10. L1.. Since the bubble 
dynamics are similar for successive pulses this does not 
affect velocity measurements from the photographs. 
Typical instantaneous velocity profiles for the 
micellar solution in tui"öui.: nt flow ave shown in figs. 78 
and 79. Only three profiles are shown in each figure to 
avoid confusion but the dashed lines representing the tem- 
poral mean velocities were averaged from seven random 
instantaneous profiles. Deviations from the mean due to 
turbulent eddies are quite significant, and an estimate of 
the perturbations is shown in fig. 80. The scatter 
is quite large due to the very limited sample, but the 
turbulence intensities with the solution are roughly the 
same order of magnitude as for water in pipe flow when 
compared with some results by Wells We deduce there- 
fore that the micelles only suppress the very small scale 
turbulence (high wave nth ber. "s) . This is alýýr r. ý_: rzt from 
14O 
visual observations of 
be emphasized that the 
quantitative measuremei 
time is less then that 
sec. 
Fig. 81 shows 
the flow photographs, but it should 
present technique will not allow 
it of turbulent eddies whose periodic 
of the pulses - in this case 0.125 
ter. iporal mean velocity profiles 
obtained for a range of flow rates in the turbulent regime. 
Again these were all averaged from seven random photographs 
at each flow rate. The volume flow ratesdetermined from an 
integration of these profiles agree fairly well with the 
values obtained by timed collection into a measuring vessel. 
The differences are all less than 1 5ö, except for the 
highest flow rate which is "-8 in error. This is con- 
sidered to be satisfactory in view of the rather limited 
number of flow photographs, and gives some confidence to 
the validity of the velocity profiles. 
These mean velocity profiles are seen to be more 
laminar like in shape than the usual 1/? th power law form, 
characteristic of normal flow at corresponding Reynolds 
numbers. Differences in profile shape between normal tur- 
bulent flow, laminar floe'; and the soap solution profiles 
are clearly seen in fig. 82 where the average and peak 
velocities are compared. 
As previously stated the pipe fraction da to for 
the soap solution is well correlated by Urk's asymptotic 
expression: - 
1111 
f1/2 = 19 log10(Re f1/2) - 32. L (Re 4000) 
This correlation implies the existence of a semi- 
logarithmic velocity profile given by: - 
U{ = 11.7 1n Y* -17.0 
The form of this limiting velocity profile was 
predicted by Virk (59) but with no corroberating velocity 
measurements under asymptotic limit conditions. 
Fig. 82 shows the present results plotted in this 
dimensionless form, and these provide a fairly good confirm- 
ation to the existance of the asymptotic profile. Values 
for the wall shear stress were deduced from the preceding 
pipe friction results. 
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Fig. 76. PLATES (i) to (ix) 
PIPE FLOW VISUALIZATION USING 
HYDROGEN BUBBLE TECHNIQUE. 
WATER. 
1L. 3 
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(2.8.0) THE EFFECT OF THE MICELLAR SOAP SYSTEM 
ON THE' STRUCTURE OF A FLAT PLATE BOUND RY LAYER 
Kline and his co-workers have produced much 
qualititive and quantitive information on the structure of 
turbulent boundary layers in water by making use of the 
pulsed hydrogen bubble technique (72), (73). In view of 
the remarkable effects exhibited by the CTAB/1-naphthol 
solutions in pipe flow, it was decided that much useful 
information could be obtained from boundary layer observa- 
tions on a flat plate using Kline's technique. 
(2.8.1) The experimental rig and test procedure. 
A small open channel was adapted for the tests as 
shown in fig. 84. The fluid was circulated by a centrifugal 
pump and the flow passed through a bed of glass marbles 
upstream from the working. section to even out the approach 
velocity. 
Observations were made in the boundary layer on 
a flat plate placed at the bottom of the observation region. 
Due to the limited flow velocity obtainable, a trip wire 
was placed at the upstream end of the plate to induce tur- 
bulence in the boundary layer. 
Pictures of the flow were obtained from pulses of 
hydrogen bubbles emitted from a 0.055mm dia. stainless 
steel wire stretched across a fork of lein. (1021nm) span as 
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shown, the distance of the wire from the plate being 
measured with a Vernier traverse mechanism. The bubbles 
were illuminated by an intense sheet of light just below 
their plane, as in the pipe flow experiments. The wire 
was situated 12in. (305mm) from the leading edge of the 
plate. 
A series of photographs of the flow patterns 
with water and an equi-molar solution of CTAB/1-naphthol 
at 508 p. p. m. concentration were taken for several rates 
of flow with the wire at known distances from the wall. 
(2.8.2) Rcpe. r. imental results. 
A typical set of flow photographs with water are 
shown in fig. 8L.. Unfortunately the channel velocity was 
not great enough to produce a full turbulent boundary 
layer with a logarithmic region. However, the present 
flow patterns near to the wall are very similar to those 
previously published by Kline et. al. (72), (73). These 
show the characteristic streaky appearance within the via- 
cous sublayer, with regions of high and low velocity and 
periodic bursts away from the wall. 
An end view shown in fig. 86 gives some indication 
of the spanwise spacing and penetration of these bur. sts, 
which Kline et. al. (73) believe gives. rise to the bulk of 
turbulence production. 
The flow pictures obtained with the miceiL r 
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soap system seen in fig. 87 are quite different in nature. 
Bursts of turbulence from the wall are much more passive 
and less frequent, and generally the flow within the sub- 
layer is more truly laminar. 
If, as suggested by Kline, the turbulence produc- 
tion depends mainly on the bursts, then clearly production 
with the soap solution is very much reduced. It was 
unfortunately not possible to take an end. view picture 
with the soap solution because of slight turbidity over 
the relatively long distance through the fluid. 
Average local velocities were determined from 
the flow photographs just as in the preceding pipe flow 
tests, and deduced velocity profiles are shown in fig. 88. 
Curves (1) and (2) compare the soap solution and water at 
the same wall shear rate, which was determined from the 
slope of the velocity profiles at the wall. The soap solu- 
tion profile is much more peaky than that with water, and 
this would imply a reduced wall shear stress if the soap 
solution were tested at the same free-stream velocity as 
water. 
The individual photographs may be related to 
points on the dimensionless velocity profiles shown as 
fig. 88 
All of these present results lie within the vis- 
cous sublayer and transition regions due to the limitation 
of the flow rate in the small channel. The results are 
1 61 
useful in so far as they show reduced turbulence produc- 
tion and important qualitative differences between the 
solutions and water. It is suggested that much more 
information could be obtained from tests carried out in 
a much larger channel, to facilitate observations in the 
logarithmic region. Such a channel was not available 
when the present work was carried out. 
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Fig. 85. PLATES (i) to (vi) 
FLAT PLATE BOUNDARY LAYER. 
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BUBBLE TECHNIQUE . 
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Fig. 87. PLATES (i) to (v) 
FLAT PLATE BOUNDARY LAYER, 
FLOW VISUALIZATION BY HYDROGEN 
BUBBLE TECHNIQUE. 
EQUIMOLAR SOLN. CTAB/l -NAPISTHOI, 
TOTAL CONC. 508 p. p. m. 
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(2.9.0) SUBI, 4ERGED JET EXPFRIMPNTS. 
The preceding experimental evidence suggests that 
the large reductions in frictional drag obtained under tur- 
bulent flow. conditions with dilute polymer solutions is 
brought about by an increase in the thickness of the 
'interactive' layer adjacent to the wall, the structure of 
the turbulent core being little changed. It is therefore 
of interest in this connection to study the turbulence 
structure of these solutions without the influence of a 
solid wall. 
Submerged jets provide a means to study the flow 
'characteristics of various additive solutions with no wall 
effect. Goren (61) Jackley (75) both found little differ- 
ence between a polymer jet and one of water using respec- 
tively Polyox and a polyacrylamide. Gadd'(76) on the other 
hand had previously observed that the small scale turbulence 
was greatly diminished with Polyox at 30 P. P. M. concentration. 
In an attempt to resolve these differences-some 
further flow visualization studies of jets were carried out 
with a small jet and a much larger one, using solutions of 
Guar gum, Polyox WSR 301, and the nonionic polyacrylamide 
Separan NP 10. 
The small jet was produced by a rounded entry 
nozzle, 24mm in diameter. which was supplied with either 
water or polymer solution from a constant head tank, and the 
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jet discharged into a Perspex vessel containing a solution 
identical to the jet. A dye (either Fluorescein or Indian 
ink) was injected into the supply pipe just upstream from 
the nozzle in order to render the jet patterns visible. 
The experiments carried out with Guar gum solution 
up to a concentration of 500 p. p. m. showed no apparent dif-, 
f erence from a pure water jet, although as previously shown 
this concentration brings about an enormous drag reduction 
in turbulent pipe flow. Polyox jets on the other hand were 
quite different in structure with concentrations greater 
than about 1.0 p. p. m., although the difference was not really 
apparent with lower concentrations. With higher concentra- 
tions much of the small scale turbulence appeared to be 
suppressed, and flow patterns similar to Gadd's were 
observed. This certainly indicates a change in the spectrum 
of turbulent kinetic energy. The submerged jets of Separen 
solution were similar in nature to the Polyox jets except 
that a concentration of about 70 p. p. m. was required to 
produce an observable damping effect. No significant dif- 
ferences in the jet patterns were observed over the whole 
of the Reynolds number range investigated - between 3,500 
and 20,000 (based on the nozzle diameter). Photographs of 
some of the jet patterns are reproduced in fig. 90. 
For the larger scale experiments, the jet was 
produced by a straight length of 3/4 in. (19.05mm) die. 
pipe, which was again supplied with' fluid from a header 
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tank and discharged into a transparent container. Dye was 
injected into the centre of the jet pipe 8 in. (203mm) 
from the exit end. This apparatus is shown in fig. 91. 
From all the tests the jet patterns were very 
similar to those observed with the smaller apparatus. The 
effect of Polyox concentration on the flow structure is 
clearly shown in figs. 92 and 98. Once again much of the 
small scale eddying disappears with concentration increase 
and only very large eddies remain. Furthermore, with the 
water jet the dye has diffused completely across the pipe 
at the exit, but this is not the case with the higher con- 
centrations of Polyox solution. This could be partly due 
to reduced diffusion in the core region, or possibly could 
be caused by the greatly thickened interactive layer along 
the pipe wall. 
The jets with Guar gum solution at 500 p. p. m. 
were not distinguishable from those with water. It was 
also found that after ageing the Polyox solutions for about 
one week these jets too were indistinguishable from water, 
but the same solutions still produced considerable friction 
reduction in turbulent pipe flow. 
Although these observations are at best only 
rough and qualitative, they are clearly related to the flow 
characteristics of Polyox solution in-the threaded pipe 
previously discussed. 
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(2.10.0) THR EFFECT OF DRAG REDUCING ADDITIVES 
ON BOUNDARY LAYER. SrTARhTION AND FORM DRAG 
ON SUBMERGED BODIES. 
In this section the effects of drag reducing 
additives on the separation of boundary layers in regions 
of adverse pressure gradient are discussed, together with 
the corresponding effects on wake size and form drag. A 
sphere was selected as the simple geometrical shape for 
these studies since this minimized the experimental dif- 
ficulties. 
The characteristics of ordinary Newtonian flow 
around a sphere are shown in fig. 99, and are well documented, 
see for example Goldstein (14), Schlichting (13) or any 
basic text on fluid dynamics. Briefly, at very ]ow Reynolds 
numbers the drag is given by Stokes law, flow separation 
occurs as the Reynolds number increases, the boundary layer 
becomes turbulent when the Reynolds number reaches about 
2.105 and above this value the wake size and drag is much 
reduced. This transitional Reynolds number may be reduced 
somewhat by freestream turbulence or by roughness on the 
sphere surface. 
We have seen that polymeric additives can dras- 
tically change the structure of a turbulent boundary layer 
by greatly thickening the interactive zone close to the 
wail. If we now consider the case of a sphere in a flow 
with the Reynolds number exceeding the critical value, i. e. 
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with a turbulent boundary layer, the addition of some 
polymer additives could possibly increase the dreg. The 
reason being that the additive could result in a much 
thicker, more 'laminar like' interactive layer adjacent to 
the surface, with a consequent earlier separation point and 
increased wake size. This should be particularly apparent 
with freshly mixed solutions of Polyox at moderate concen- 
trations. The following simple experiment was carried out 
in order to verify this hypothesis: - 
(2.10.1) An experiment to demonstrate the eff ect of Polvox 
on boundary layer separation. 
For this experiment a concrete sphere was dropped 
into a Perspex sided tank which contained either water or 
dilute Polyox solution, and the wake patterns were recorded 
by high speed tine photography. A very rough comparison of 
the drag coefficients was also determined from the rate of 
retardation after impact with the fluid. 
The sphere was cast in a selected. glass lampshade. 
which was broken away after the mix had cured. The model 
was then made hydrodynamically smooth by filling, rubbing 
down with abrasive paper, and painting with several coats 
of black paint. 
Fig-100 shows the arrangement of the rig used for 
these tests, the sphere being released from a suitable 
height, so that the Reynolds number on impact with the fluid 
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was just below the critical value (Re = 2.105). 
For the first test the sphere was dropped into 
water, and fig. 101 shows a single frame from the eine film. 
This indicates a laminar boundary layer with characteristic 
early separation. 
The front of the sphere was then roughened by 
glueing on a patch of sand, and the sphere was again 
dropped into the water from the same height. Fig. 102 shows 
the wake pattern from this test which exhibits a much later 
separation point caused by the turbulent boundary layer. 
The drag coefficient was roughly half the value found from 
the previous test. 
. These results are of course as expected, and 
indeed similar pictures have been reported by the U. S. Naval 
Undersea Test Station (77), see also ref. '(78). 
For the third test the sphere was dropped into a 
freshly mixed solution of Polyox at 60 p. p. m. concentration. 
Fig. 103 shows that polymer additive has drastically affected 
the boundary layer and caused the separation point to move 
forward again with o resulting increase in form drag. The 
drag coefficient was of the same order as the first test. 
It is therefore seen from this rather basic 
experiment that although polymer addition can significantly 
reduce skin friction, the effect can in certain circuir. stan- 
ces be more than offset by an increase in form drag caused 
by a change in the separation point and wake size. We must 
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note of course that the sphere was followed by an air 
filled cavity in these experiments whereas in the following 
we have a liquid filled wake. The two situations are not 
necessarily the same. 
(2.10.2)Sphere drop tests in friction reducing solutions. 
Some experimental results reported by D. A. White 
(79), Lang and Patrick (80) and Sanders (81) showed that 
the drag on a sphere in water was considerably reduced by 
adding Polyox. Their experiments were all carried out 
below the critical Reynolds number, where the boundary 
layer is laminar, and the results were somewhat surprising 
since friction reduction in pipe flow only occurs in the 
turbulent flow regime. Flow visualization studies by Lang 
and Patrick showed delayed boundary layer separation and 
smaller wake size with the Polyox solutions which is con- 
sistent with the measured reduction of drag. 
The experimental results from the preceding 
section indicated that drag could be increased when working 
above the critical Reynolds number, and in order to relate 
this to the above results a comprehensive series of experi- 
ments were planned to cover a wider range of Reynolds 
number and to span the critical region. 
The technique of measurement was simple, and 
similar to that used by the previous investigators. Steel 
spheres were dropped down through cylinders containing the 
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test liquid, the spheres being released from a point just 
below the liquid surface by an electro-magnet. The 
apparatus was kept in a darkened room and for each test 
the falling sphere was illuminated by a strobo-flash unit 
operating at mains frequency (50 hz). Measurements from 
multiple image photographs on high speed 'Polaroid' film 
of 10,000ASA rating enabled the terminal velocities to be 
determined, from which the corresponding drag coefficients 
were calculated. 
Two rigs were used: spheres between 0.25. in. 
(6.35mm) and 1.5 in. (38.1mm) in diameter were dropped 
into a Perspex tube loft. (3.05m) high by 6 in. (152.4mm) 
in diameter, and the larger spheres ranging in diameter 
from 1.5 in. (38.1 mm) to 4.. 5 in. (11 ti.. 3mm) were dropped 
into a steel vessel 22ft (6.7m) high by 2f ,t (0.61m) in 
diameter which had Perspex windows at the bottom for obser- 
vation purposes. The arrangement of this larger rig is 
shown in fig. 104. The spheres were retrieved after use 
by means of a catch net which was lowered to the bottom 
of the containers prior to each test. It was found that 
frequently the spheres deviated from a vertical path 
during their descent and struck the sides of the containers: 
in all such cases the results were discarded. 
(2.10.3) here dra characteristics in Pol ox solutions. 
The results obtained from both rigs with water 
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and freshly mixed solutions of Polyox WSR 301 are shown 
in fig. 105, and the Reynolds numbers are based on the 
viscosity of the solutions using the values from table 1i.. 
Results from the large rig are __shown connected 
by dashed 
lines. Drag coefficients determined for water from these 
tests agree well with results by other workers over the 
whole Reynolds number range. The drag coefficients in 
Polyox solution at low values of Reynolds number also agree 
to a large extent with the results of previous investiga- 
tors (79), (80), (81 ). It can be seen from fig-105 that 
at high Reynolds numbers the sphere drag is greater in 
Polyox solution than in the solvent, as the previous 
experiment suggested. 
We have already discussed to some extent the 
effect of age on the performance of Polyox solutions in 
connection with pipe flow. It has also been found that 
ageing has a serious effect on the drag-with the present 
experiment. A 1/2 in. (12.7mm) diameter steel sphere was 
periodically dropped over a period of one week into a 
30 p. p. m. solution of Polyox using the small rig. These 
ageing effects are shown in table 7, and is is seen that 
after about one week the sphere drag reduction has virtually 
disappeared. 
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TABLE 
Sphere dia. 1/2 in. (12.7mm) (Cd in water = 0.475 
AGE Cd 
Fresh 0.324 
1 Day 0.346 
2 Days 0.362 
3 Days 0.390 
6 Days 0.445 
This same solution was afterwards tested in a pipe 
flow apparatus, and practically identical pipe friction 
results were obtained with the aged solution and a freshly 
mixed one (see fig. 106). This might seem to indicate that 
the loss of effectiveness in reducing sphere drag is not due 
to degradation. Lt should be emphasized however that a small 
bore pipe had to be used for this test because only a limited 
quantity of aged solution was available from the small drop 
rig. Tests in a small bore pipe are not always effective in 
showing up changes in friction characteristics if working 
near to saturation conditions, i. e. near to the asymptote. 
(2. i0.4) Sphere drop tests with other additives. 
Sphere drag experiments have also been carried out 
in the small rig with eiuimolar solutions of cetyltrimethyl- 
ammonium bromide (CTAB) and 1-naphthol. This complex soap 
system has previously been shown to produce very large drag 
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reductions in turbulent pipe flow, although the effect 
terminates when the wall shear stress exceeds a certain 
value because of changes in or disruption of the micelle 
structure. Results are shown in f. ig. 107 and drag reductions 
are very much less than those found with Polyox solutions. 
Because the highest concentration of the soap system was 
slightly pseudoplastic (n=0.95), and because possible 
structure changes at high shear rates make viscosity 
difficult to interpret, the Reynolds numbers in fig. 88 
have been based on the viscosity of water. 
These results have been criticized by D. A. White 
(82) who found no drag reduction on spheres in this CrTAB- 
naphthol system. He suggested that if fig-107 were based 
on the solution viscosity instead of the solvent, then 
apparent drag reduction would disappear. However, one 
cannot escape the fact that with the present tests the 
sphere terminal velocities were actually increased in the 
soap solutions. This is clearly seen in fig. 108. Indeed 
even if corrections are made to fig-107 allowing for vis- 
cosity increases, the lines for the additive solutions still 
lie slightly below, and to the right of the line for water. 
In order to resolve this difference an additional 
experiment was carried out to determine the effect of the 
CTAB--naphthol system on boundary layer. separation. A 
circular cylinder 2.5 cm in diameter was mounted transverse- 
ly across a square section water tunnel of 5.0 cm side. In 
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order to measure the pressure distribution around the 
cylinder a 1/16 in. (1.58mm) diameter pressure tapping was 
provided mid-way along its axis, the angular position being 
adjusted by rotating the cylinder. A static pressure tap- 
ping was provided in the tunnel wall just upstream from 
the cylinder. 
It should be emphasized that the blockage effects 
with this arrangement are extremely large and the results 
obviously cannot be applied to a cylinder in an unbounded 
stream. At beat they can merely indicate the likely trend. 
Fig. 109 shows a typical set of results for the 
pressure distribution with a range of concentrations at a 
roughly constant Reynolds number (based on water). In all 
cases the pressure coefficient at the forward stagnation 
point was assumed equal to unity, but this is not likely to 
be true for the higher concentrations where normal stress 
differences will probably invalidate the Bernoulli equation. 
However, despite the uncertainties it can be seen that the 
additives have delayed boundary layer separation and pro- 
duced a smaller wake at higher pressure, thereby reducing 
the drag force. These results then are consistent with the 
observed small drag reductions found for spheres in the 
micellar soap system. 
Finally in this connection we turn to experiments 
on the drag spheres in dilute Guar gum solution. Although 
Guar gum solution is very effective in reducing skin friction 
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it was found to have NO effect on the drag of spheres for 
concentrations up to 500 p. p. m. 
Gadd (83) and Brennan and Gcdd (66) showed that 
freshly mixed Polyox in dilute solution exhibited elastic 
effects through measurable normal stress differences, but 
these measureable differences disappeared on ageing the 
solutions. Furthermore, they found no detectable elastic 
effects with dilute Guar gum solutions. + 
From these results it certainly seems that the 
delayed laminar separation found with fresh Polyox and 
the micellar solutions is caused by elastic effects, since 
the phenomenon only occurs with solutions which exhibit 
detectable normal stress differences in shear flow. 
It should be noted that sphere drag reduction has, 
been measured by Ruszczycky (49) using Guar gum solution at 
very much greater concentrations. Now at these high concen- 
trations Guar gum is certainly viscoelaatic, shown by the 
Weissenberg effect, and it is also extremely pseudoplastic. 
Bizzell and Slattery (8L. ) have also shown that for a power 
law fluid the separation point would move towards the rear 
of a sphere as the flow index is decreased. These effects, 
then can account for Ruszczyeky's results. 
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(2.11 
. 0) A140MOLOUS 
HEAT TRANSFER C'HAPA. CTERISTICS 
OF DILUTE POLYMER SOLUTIONS 
IR FULLY ROUGH PIPE FLOC°N . 
Metzner and Friend (05) modified Reichardtä 
analogy and proposed the semi-empirical expression: - 
St = 12 
_r T 1 .2+ 11.8(Pr-1 
){Pr) 3(f/2)ß 
This relationship showed good agreement with 
experimental data for Newtonian and purely viscous non- 
Newtonian fluids in pipe flow. 
Pruitt et. al. (86) found that the above relation- 
ship failed with drag reducing solutions and empirically 
modified it to the following form: - 
St = f(1-FR)/2 
1 .2+ 11 . 8(Pr-1 
)(Pr 1-F'R)/2] 
where FR = (fO-f)/f0, f0 and f being solvent 
and solution friction factors respectively 
at the same pipe flow rate. 
Poreh and Paz (87) showed that the Pruitt et. al. 
correlation was reasonably successful within 
* 20°/" and in 
turn analyzed the heat transfer characteristics in terms of 
a three zone velocity profile model with thickened viscous 
sublayer and an assumed expression for the buffer zone. 
Their final results is: - 
St {Y1 '(In j Pr-(Pr-1) y, /y2+1 +t Pr-1) +( 2/f) 
I 
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This too correlated the available data within t 20'/0 . 
It may be noted that for unity Prandti number 
this reduces to the basic Reynolds analogy St = f/2. 
One assumption made by Poreh and Paz was the 
equality between the eddy diffusivities of heat and momentum, 
which may not always be justified in view of the experimen- 
tal results shortly to be described. 
(2.11 . 1) The heat transfer ri 
Heat transfer experiments have been carried out 
in a tube with a very rough wall to eliminate any viscous 
subla3rer. The scheme of the apparatus is shown in fig. 110. 
. Lengths of 
3/8 in. (9.52mm) o. d. brass rod were 
internally threaded * in. Whitworth and joined together to 
produce a working section 32 in. (0.81m) long. Pressure 
tappings were provided in short lengths of smooth tube 
upstream and downstream of the threaded section, together 
with mixing cups for mean temperature measurement. The 
working section was provided with an insulated jacket and 
was externally heated by condensing steam at atmospheric 
pressure. Axial conduction was minimized by isolating the 
mixing cups from the working section by short lengths of 
rubber tube. 
Fluid was supplied to the pipe from a large 
header tank and the flow rate was determined from timed 
collection into measuring cylinders. 
20-4 
(2.11 
. 2) The experimental results, 
The pressure drop and fluid temperature rise 
were measured over a range of flow rate with water, 50 
p. p. rn. solution of freshly mixed Polyox V1SR 301 and a 500 
p. p. m. solution of Guar gum. 
Fig. 111 shows a comparison of the overall heat 
transfer coefficients for water and the polyox solution. 
These coefficients have been based on the log. mean tem- 
perature. difference between the fluid in the pipe and the 
heating steam, and the mean diameter at half thread depth. 
The results are quite remarkable: whereas the 
coefficient for water increases with Reynolds number as 
expected, the coefficient for Polyox solution DECREASES. 
In fact less heat is carried away from the wall by a greater 
flow of Polvox than by a lesser flow. 
Results with the Guar gum solution were practical- 
ly identical to those with water which is consistent with 
the previously discussed results in a rough pipe of larger 
diameter. 
By allowing for conduction through the pipe well 
and estimating the outer coefficient for film condensation 
on a horizontal pipe using Nusselts expression, the inter- 
nal film coefficients were roughly determined. (Internal 
properties being based on the bulk mean temperature of the 
fluid). Results are shown in fig. 112. Again whereas the 
Polyox has reduced the friction factor considerably, the 
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Stanton number has been reduced by an even greater amount. 
(2.11.3) Discussion of the heat transfer results. 
Before attempting an explanation of the anomolous 
heat transfer results we must first consider the flow in 
more detail. 
For the turbulent core region in pipe flow, i. e., 
outside the sublayer, we may write: - 
'T dw 
_ u} dui' (t iFý ij -v (v+fb4ý di+ 
P týº1 (2.11 i) 
"y/ y+ 
A force balance for steady flow yields: - 
7' TW'rw/, 4. (2.11 .ii) P^P0. t" ý4, 
Equa t in6 2. It .i and j. II. 
ii gives: - 
LM Au+' 
`) 0 
d. t. 
£iq 
z u'sdý. ... 
1 
_, _ý___ 
(2.11.111) 
v d%l 
The logarithmic velocity profiles for Newtonian 
flow and for flow with drag reducing additives away from 
the interactive wall region imply: - 
du+ 2. 
dy+ y*+ 
(2.11 
. iv) 
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For drag reducing solutions within the interac- 
tive zone or under completely asymptotic conditions, pre- 
viously discussed work indicates: - 
du' 
_ 
11.7 , (2.11 . v) 
dy+ Y+ 
Expression 2.11. iii enables an estimate to be 
made of Em from velocity profile measurements. Fig. 113 
shows the variation of 
v 
with y+ for Newtonian fluid's 
and is based on eqns. 2.11 . Iii and 2.11.1v. In this figure 
Ra = a= Reif and we see that for small pipes at moderate- 'U 7- 
ly low Reynolds numbers, V may not always be negligible 
compared with C although the assumption is certainly 
justified. at high Reynolds numbers. 
Fig-114 is an estimate of conditions in the 
threaded pipe at a Reynolds number of 10 000, results for 
the Polyox solution being based on the asymptotic velocity 
profile. The dotted line represents the variation of eddy 
viscosity for water at the same well shear stress (i. e. 
same Ra) as the Polyox results. The assumption of the 
asymptotic velocity profile for the Polyox solution in this 
small pipe seems justified from the previously discussed 
work. There may be an upward jump to the dotted line in 
fig-114 close to the pipe axis if the interactive zone 
has not spread completely over the whole pipe radius. The 
important deduction is that certainly over the bulk of the 
now the kinematic viscosity is the some order of magnitude 
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as the eddy viscosity and cannot be neglected away from 
the wall as is customary in heat transfer work. Fig. 11L 
emphasizes the enormously reduced values of eddy viscosity 
compared with water. 
We may describe the heat transfer characteristics 
for turbulent pipe flow using the analogy between heat and 
momentum transfer. Since there is no-.: viscous sublayer 
present in the threaded pipe, we will use the general 
anology: - 
St -(4+ESC\ f/2 `U 
which reduces to the basic Reynolds 
anology for unity Prandtl number if A=CM 
The relationship may be written in alternative 
form: - 
St 
EA%U 
f/ 2 (2.11 . vi) 
+(04/. o 
We will now use equation 2. %vi to provide a tenta- 
tive explanation for the anomoloue heat transfer results. 
Taking data from fig. 112, at a flow Reynolds 
number of 10 000 we have the following values for f/2 and 
St: - 
f/2 St St/ (f/21 
Water 0.012 00032 0.267 
50 p. p. m. 
Polyox 0.0015 0.0001 0.022 
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Comparing the'solvent and solution results 
through equation 2.11 vi we see that the bracketed term 
is reduced by a factor of 0.022/0.267 = 0.0825 with Polyox 
addition. 
Taking a PrFandtl number value of 8.0 for the 
solvent and solution and making a very rough mean order of 
magnitude estimate of 
E, "/v from fig. 113 as 8.0 and 1 .0 res- 
pectively and finally assuming that ft : Ei, for the solvent, 
then insertion of these values into equation gives: - 
0.0825 = 0.125 + 
£VV 
8+i 
1+1 Soln. 0.12 5+8 Solvent 
This implies that C41V = 0.024 for the solution. 
We see therefore that for the Polyox solution 
£AIEM = 0.024, in other words the additive has caused ft 
to reduce very much more than (, ý , 
It must be emphasized that this analysis is far 
from rigorous, being merely a demonstration, but it is 
possible to picture the result intuitively. We have seen 
that Polyox can suppress the very small eddies in turbulent 
flow, and it seems that the remaining large eddies whilst 
effective in momentum transfer would be less effective in 
heat transfer. This is because the 'lump' of fluid would 
not have time to reach an equilibrium temperature with its 
surroundings before moving off to some other position. 
This simple experiment demonstrates clearly the 
need for further detailed work on the heat transfer charac- 
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teristics of the very effective drag reducing solutions, 
particularly near to asymptotic limit conditions. 
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(2.12.0) OTHER ANOMOLOUS EFFECTS WITH 
DRAG REDUCING ADDITIVES. 
Apart from reducing turbulent friction many of the 
effective additives exhibit other anomolous effects, par- 
ticularly at the higher concentrations. Several of these 
miscellaneous phenomena were briefly investigated during 
the course of the present study. 
(2.1 2.1) Open syphon and suspended syphon. 
A very spectacular demonstration of the cohesive 
effect between Polyox molecules was reported by James (88). 
A beaker was completely filled with Polyox solution and 
then tipped slightly to start the fluid flowing over the 
lip. Once established, the flow continued, and provided 
that the overflow head was sufficiently great it was pos- 
sible for the beaker to empty. itself, the stream of falling 
fluid `pulling" more fluid from the container. The effect 
was only observed with the high Molecular weight Polyox 
WSR 301, at concentrations greater than about 0.20/o, and 
illustrates the extreme tenacity of the additive molecules 
in a flow. The effect did not occur with poly (ethylene 
oxides) of lower molecular weight. 
James also showed that it Was possible to syphon 
Polyox solution through a suspended syphon pipe. 
These experiments were easily repeated and re- 
sults are pictorially described in publication (P. 4), 
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Using a 0.4 solution of Polyox it was found possible to 
completely empty a standard 600 ml beaker with a syphon 
pipe near to the top. 
Some similar tests with Guar gum solution at high 
concentration showed no tenacity effect at all, and Separan 
N. P. 10 solution, although very stringy in appearance was 
not sufficiently tenacious to form an open channel or sus- 
pended syphon. 
(2.1 2.2) Enhanced Coanda effect. 
Differences in behaviour between Guar gum and 
Polyox solutions are also apparent from observations made 
during some wall attachment (Coanda effect) experiments. 
Fig-115 APPARATUS POR WALL ATTACH I 1T T. 
Fig 115 shows the layout of the apparatus used. 
Liquid was supplied to a /88in. (3 17mm) diameter pipe 
from a constant head container and the jet from this pipe 
was directed onto a3 f/2 in. (89mm) diameter cylinder. 
The flow rate was slowly increased and the 
(Publications at end of this thesis). 
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maximum value of the angle 0 to the "peel off point" was 
noted. Although the flow oscillated only the maximum value 
of 0 was recorded. The same maximum value, j6=240° was ob- 
tained with both water and filtered Guar gum solutions up 
to 500 p. p. m. concentration. With fresh Polyox solution 
on the other hand a value of J6=2700 was easily achieved for 
concentrations between 30 and 1 ßj0 p. p. m. With higher con- 
centrations the energy dissipation caused by the increased 
viscosity resulted in 0 becoming less than that observed 
with water. 
(2.12.3) Cavitation Suppression. 
. 
It has been found that some of the additives 
effective in drag reduction can also delay the onset of 
cavitation. This was demonstrated using a'transparent 
venturi-tube, fed from a header tank and fitted with a 20f t. 
(6.1m) vertical pipe at the downstream end in order that 
the throat pressure would reach low values at moderate 
rates of flow. The feed pipe from the tank was short and 
of large diameter so that pressure losses were negligible. 
Freshly mixed polyox solutions were found to 
delay the onset of cavitation to higher flow rates, and 
the noise level was much reduced. The lowest concentration 
used was 12.5 p. p. m. and the delay of . cavitation was more 
effective as the concentration was increased to 200 p. p. m., 
the highest tested. These phenomena were much less notice- 
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able with Polyox solutions which had been stored for 
several days prior to use. 
An equi-molar solution of CTAB/1-Naphthol at 
508 p. p. rn. concentration delayed cavitation onset by about 
the same order as fresh Polyox solution at 12.5 p. p. m., but 
noise reduction was comparable with Polyox at 50 p. p. m. 
Cavitation suppression has also been noted by 
Hoyt (89), (90), Ellis (91) and Breenen (92). 
f 
i 
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Q), GENERAL DISCUSSION AND CONCLUSIONS. 
The fundamental characteristics of the effective 
dilute high polymer solutions in pipe flow can now be des- 
cribed from the present work and the results of othors. 
In order to produce significant drag reduction the polymers 
should be of high molecular weight (order 106), flexible 
and linear with few side branches. The degree of solubility 
is also important, greater drag reduction being obtained 
with very good solvents than with. poorer ones. Friction 
reduction only occurs in the turbulent flow regime and 
laminar flows are not affected by the additives, except for 
small viscosity increases. Generally the transitional Rey- 
nolds number is not changed and remains around 3,000 - 4,000 
as with the solvent. 
An interesting result in polymer solution drag 
reduction is the "Diameter effect. " For a given polymer 
&, pecies and concentration the drag reduction increases with 
reduction of the pipe size and conversely reduces with an 
increase of the pipe diameter. Indeed drag reduction does 
not commence alt all until a certain value of the wall shear 
stress has been exceeded. This threshold wall shear stress 
seems dependent on the polymer molecular weight and solution 
concentration and its value is reduced if the latter are 
increased in magnitude. Virk (93) has related the onset 
condition to the polymer properties (weight and r. m. s. dia- 
no J 
meter in solution), but this analysis does not account for 
variations due to concentration change. 
With pipes of a very small diameter the wall 
shear stress may be sufficiently_ high to occur in the 
i 
laminar region and in this case normal turbulent flow is 
never established. On the other hand with very large dia- 
meter pipes operating at practical flow velocities, the 
threshold wall stress may never be reached, and consequent- 
ly no drag reduction would occur. 
The present work has shown that for a given poly- 
mer and concentration the percentage drag reduction depends 
purely on the value of the wall shear stress, apparently 
irrespective of pipe diameter. This form of correlation is 
extremely convenient for practical use since a few labora- 
tory tests carried out in a moderately sized apparatus could 
be used to predict prototype plant behaviour if well shear 
stress is used as a scaling parameter. However, extrapola- 
tion to extremely large pipe sizes is still rather uncertain 
as no experimental results are available. 
Friction factor reduction is limited by an asymp- 
tote curve which seems to apply to all of the drag reducing 
additives. This asymptotic limit is approached by increa- 
sing the concentration of the polymer additive and may also 
be approached with moderately low concentrations in small 
pipes. The concentration required to reach limiting con- 
ditions depends on the polymer type - particularly on the 
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molecular weight, and on the diameter of the pipe. The 
expression for the asymptote proposed by Virk (59) is: - 
1/fl = 19 1og10(Re fl) " 32.4 (Re>4000) 
This seems to fit all of the experimental data 
with reasonable accuracy. All reduced drag data for smooth 
pipes consequently lies between this expression as the 
lower limit and the normal turbulent flow relationship as 
the upper limit viz.: - 
1/ii- 
= 1.765 ln(Re ti) - 0.6 (Re>40000) 
Most of the effective drag reducing solutions are 
very susceptible to permanent degradation if the solution 
is subjected to excessive shearing. The drag reduction 
decays rapidly at first presumably due to scission of the 
higher molecular weight fractions which are the most eff ec- 
tive. ones, and then more slowly. This is a most serious 
drawbeck to the practical exploitation of these additives 
since it practically rules out any closed circuit applica- 
tion. Degradation also causes drag reduction to decrease 
at high shear rates even in a once through system. 
Some natural polymers such as Guar Gum appear 
quite resistant to mechanical degradation and Poreh, et. al. 
(58) report successful 'riins in a closed circuit rig for 
long periods of time. The present work indicates that 
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Guar Gum solutions lose. their effectiveness quite rapidly 
in a system which is not chemically clean, the loss of drag 
., eduction being apparently due to adsorption and agglomora- 
tion into a jelly like precipitate. 
Velocity profile measurements of other workers 
and the pipe friction results 
of. the present study- are con- 
sistent and lead to the view that this form of drag reduc- 
tion is primarily due to an increase in the thickness of 
the wall layer, - i. e. sublayer plus some buffer or inter- 
active zone, the core region well away from the wall being 
little affected by the additives. 
Correlations based on the two zone velocity pro- 
file model, with increased thickness of the linear sublayer 
seem to work satisfactorily for cases of moderate drag re- 
duction. In the limit however this model, would result in 
a laminar flow with a linear velocity profile, which is not 
consistant with the limiting asymptotic conditions. This 
objection is overcome with the three zone model proposed by 
Virk et. al. (59). In this model the linear sublayer remains 
unchanged and the interactive buffer zone increases in 
thickness and eventually reaches the pipe axis when the 
asymptotic limit is achieved. The limited velocity profile 
data available supports the adoption of this model as a good 
approximation to the actual profile. 
Provided that the wall layer thickness is known 
the pipe friction may be determined from the velocity 
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profile by integration. For the two . zone model both 
Tleyer (62) and Elata et. al. (57) indicated that their 
dimensionless sublayer thickness Ro was a unique function 
of a Deborah number (which is a. ratio of elastic to viscous 
forces), or for a given polymer and concentration to the 
wall shear stress irrespective of pipe diameter. The 
present data and that of Elata et. al. do show a small but 
significant diameter effect, and the same trend is also 
shown with the interactive zone thickness R1 using the 
three zone model. 
A particular advantage of correlations based on 
the increased wall layer thickness is the ease with which 
they can be applied to flat plate boundary layer culcula- 
tions. This has been carried through by Granville for the 
two zone velocity profile model and the limiting asymptotic 
condition (94), (95), (96). 
With some additives the method of solution pre- 
paration and its pre-history play an Important part in the 
farm of the flow characteristics. This is particularly so 
with Polyox and considerable differences have been found 
between the behaviour oP. freshly mixed and aged solutions. 
The results previously discussed here would indicate the 
presence of large clusters or molecules in the fresh solu- 
tions which are particularly effective in drag reduction 
and turbulence suppression in general. Freshly mixed 
solutions exhibit strong elastic effects which are not so 
2, 
readily detectable with the aged solutions. 
At quite an early stage viacoelasticity was con- 
sidered. as a very possible explanation of the drag reduction 
mechanism. If the polymer molecules (or clusters of them) 
are viscoelastic,. then they are capable of storing kinetic 
energy from the main flow as potential energy of deformation. 
Now if the time scale of a turbulent disturbance is less 
than the relaxation time of the molecule or molecules, then 
the solvent flows around the additive thereby dissipating 
energy and reducing the kinetic energy of the disturbance. 
In other words turbulence damping would occur. If on the 
other hand the time scale of the disturbance is great com- 
pared with the relaxation time of the additive then little 
damping would occur as the molecules would move with the 
disturbance. In order for the former effect to occur the 
dimensions of the molecules would have to be of the same 
order as the Kolmogorov turbulent microscale, - Lumley (97). 
This is not the case for single molecules of even the very 
high molecular weight additives such as Polyox, so for this 
mechanism to be effective either the molecules are not ran- 
dourly coiled (which seems unlikely) or they exist as agg o- 
morates of more than one. This theory does indicate that 
only the small scale turbulence is affected such as that 
near to the wall in pipe flow. Certainly only the small 
scale eddies are affected by Polyox in the free jet 
experiments. 
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There is growing evidence that surface adsorption 
may also be responsible for many of the anomolous results, 
as discussed by Kowalski. (56), and in the recent paper by 
Arunachal am and Fulford (98). 
The CTAB soap system in pipe flow behaves rather 
differently from the dilute polymer solutions. No drag 
reduction occurs with very low solution concentrations but 
above a certain critical concentration the drag reduces 
very rapidly and follows approximately. the limiting asymp- 
tote line irrespective of , pipe 
diameter or further concen- 
tration increase. 
It is believed that above this critical concentra- 
tion the molecular structure associates itself into micelles 
of large but unknown size, and. tbat these colloidal agglo- 
morati'ons interfere with the turbulence structure in a 
similar way to clusters cif , polymer molecules. 
Reversible aciasUgn -of. the micelles appears to 
occur above a certain values. ! Pf the wall shear stress (which 
depends on the solution cone t : >tion), which can explain 
the sudden disappearance of drag. reduction above this stress 
value. 
Velocity profile me sur ente with the soap system 
have confirmed the existence of Virk's predicted asymptotic 
velocity profile law. 
Although the small c aje turbulence is suppreosed 
by the rnicellar system, rough measurements indicate that 
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the overall mean turbulence is still the same order as with 
the uncontaminated fluid. 
Observations on the turbulent boundary layer of 
flat plate immersed in the soap_syetem would indicate re- 
duced turbulence production, judging from the fewer more 
passive 'Bursts' from near the wall. 
Some evidence has been presented which suggests 
that the heat eddy diffusivity reduces very much more than. 
the corresponding momentum eddy diffusivity with fresh poly- 
ox solution. This could have an important bearing on heat 
transfer calculations. 
External flows around bluff bodies such as spheres 
and cylinders only appear to be affected by additive solu- 
tions which exhibit detectable elastic effects. Generally 
these delay boundary layer separation and reduce form drag 
although in special circumstances the drag may be increased. 
Future work in this field. should be aimed at ob- 
taining a clearer insight into the mechanism responsible 
for the drag reduction. Much useful information could be 
obtained from studies of the turbulence structure of drag 
reducing solutions in shear flow. This is admittedly a 
difficult task with liquids, particularly since hot film 
probes and the like have proved unreliable in polymer 
solutions. However, the hydrogen bubble technique used in 
the present preliminary experiments could be usefully 
extended together with laser anemometry in order to provide 
227 
key information on the turbulence: structure. 
i 
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(! ý. 0) SOME PRACTICAL APPLICATIONS. 
Since the early discovery of akin friction re- 
duction by the use of soluble macromolecular additives 
many practical applications have... been suggested, Unfor- 
tunately many of the initial hopsa for the practical ex- 
ploitation of the effect have been unfulfilled, largely 
due to the rapid shear degradation of many of the effective 
drag reducers, and due to economic considerations. Some 
of the more obvious practical applications which are being 
considered are listed below: - 
(4. l) Marine applications. 
Much of the early work with drag reducing addi- 
tives was carried out at naval establishments with a view 
for application in this field. The quantity of additive 
required for continuous routine injection into a ships 
boundary layer. makes such, an application uneconomic although 
for peak wartime emergency use possibility may still be 
considered. Full size trials have been carried out by the 
British Admiralty. 
One possible civil applic1tio i le With hydrofoils, 
and short term drag reduction would be of use whilst the 
vessel accelerates to becäme feil-borne. This would then 
enable a smaller, lighter and cheapen engine to be in- 
stalled. The use of additives in ship model tests has also 
been considered (6). 
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(4.2) 011 well fracturing. 
Early use of drag reducing fluids was made for 
hydraulic fracturing operations in oil wells (30). The 
reduction of friction along the-relatively small bore down- 
, 11 41 - -I 
pipe improved the efficiency of the fracturing operation, 
and enabled the process to be successfully carried out in 
wells which were hitherto too deep., 
(4.3) Firefighting. 
Reduction of firehose pipe friction results in e 
greater throughput, nozzle pressure and jet throw. Although 
most fire tenders have pumps with normally excess perfor- 
mance in reserve, the use of additives may be considered 
for exceptional cases or in circumstances where the supply 
pressure is limited for some reason. Polyox is being used 
by the New York fire brigade to enable smaller and lighter 
hoses to be utilized. Studies are still being carried out 
in this field. 
(4.4) Irrigation. 
Some test results have been `reported by Union 
Carbide Corp. (99) with Polybx injected into a typical crop 
spraying system. An increase Öt215% in crop coverage wes 
reported. 
(4.5) Sewage and floc dw tg , df8 eei 
Polyox has been suacesafully used in one of the 
23Q 
. 
Southern States of the U. S, A. to increase the throughput 
of city sewers at times of peak rainfall. 
(4.6) Heating and ventilati". 
A detailed etuy has been carried out by 
Fitzgerald (71). Unfortunately most of the polymeric 
additives are easily degraded by mechanical shearing which 
rules them out for use in closed circuits. It was initial. 
ly hoped that the cetrimide-naphthol system discussed 
earlier might prove useful in this application, but the 
present experiments showed that drag reduction disappeared 
when the temporature exceeded about 4O0C. Application in 
this field will not be possible unless an etfeotive addi- 
tive can be found which is stable both thermally and 
mechanically. / 
(L1.7) Pumping of lur ries. 
Bulk hydraulic transport Is widely used and ex- 
periments are being carried out with additives by a number 
of investigators to see it the pipe friction can be 
economically reduced. Little data to available at the 
present time, apart from the few results of Poreh, et, *,, 
(100) and Arunchalam and Pafford (98)e 
(4.8) Pipeline transport of G +uti! o ., 
Several oil soluble effective additives loves been 
found and the possibility exciatd for reducing pumping power 
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and increasing throughput (101). Studies have shown that 
use of the presently known. additives is probably not an 
economic proposition. 
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APPLT. 'DI1ý 1. INTLGRATIOI\TOF T; -; O? O? VELOCITY PROFILE QD'L. 
(Pipe flow) 
u+ 
?, ý yý' ---ý. ý... 
E 
1. u+=y+ 
2. u= A In y+B+AB 
At the intersection of 1 and 2 we have: - 
Ro -- A )vi Rä t- 6*A8 
Integration across the pipe radius (a) yields the 
volume flow rate, viz: - 
G irra''Ü = ,J 
a2tr u1. ) Ar 
Since y= (a-r). and dy = -dr this becomes: - 
Yr cÜ% ja 2.11 ( a- `A) CI(4) A% 
The above expression is put into dimensionless form: -. 
0" v IL Uf(1 
0- 
14 
-) 
U+ ., * 
a+ 
A0 
and 'the integration is carried out in two parts using 
expressions for zones 1 and 2 respectively. 
Noting also that , ýý 
aandRaw v 
we may write: - 
r+ ýc, 
f" ýý .p 
1ý,. J fj 
A-f 
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R, R; Roh 
Integration then yields: - 
Re 
_A+, 42i (to, o 
cý I %4. At 42 
A" 
Ra2 
ý`' 
'ý 2 R. aa 
Insertion of the limits gives: - 
9fA 
+ 
(too 
3s~ aQ 
ý 
Y1 "ýCº 
6 24 
r3 Tfiý L 'z - 42 30a. .. 
fY Z 
C- Rö +A go' I., R6 -ý R" 2 %P. 2.6 RO. zzý . 1r 
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Noting that R& 44 we may write: - 
!4 go Z 
+A 3A 
--" +4 
Rö { 1-Co+afý3 
- 
4Aa, o'1"R'1 , ý. 
4i Ro24,2 1? 
9.4 r' -- R4 21 01 '4' 
iz 
-"- +42 (ß.,, &e-ýRý). R: f 
On collecting terms and eliminating B+pB we have: -- 
1C2 Qä t8 Re ar n, 
.,.. ýi 
atr 
}3 
9a ^ý 
+ý ZM rct. l4 '1h 
zJ 2} + 
2 Rs. (f Rs ..,. 
2z Lao 4. L 
Re`f Re` 
The three terms struck out are small compared with the 
remaining ones and are hence neglected. 
This equation then simplifies to: - 
fwZ(? 4 M; 
-o"? 
h 
got ^1ýQ, 
B. ý 
(-. ') 
-- 
An i] 
The last term is small prcivid-ed that AoIis not 
too large. 
21}6 
For a Newtonian fluid we note that ,, B =0, 
i. e. Rol = Ro = 11.6, and A= 1/k = 2.5 
Substitution of these values into ean. A1 yields: - 
1.7661% R4S-; - 0.61- - 
IGI-1 
94 ff 
This agrees with Von Karmän's integration which 
ignored flow through the sublayer: ° 
S= t-7GtS In Q. cJf - 0'60. 
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API'EITDTX 2. IT'TTrRATTOT'OF TI RFP,? ONEV ? UCT`[ PROPILF MODEL. 
(Pipe flow) 
u+ 
(Z, go Ra*. 
ZN, "' 
Equations for zones: - 
Zone 1-2 for Newtonian 
fluid. 
Zone 1-3-4 for Drag 
reducing fluid. 
1. u =y 
2. u+ =A In y++B 
3. u+ =A, In y+-B1 
4. u+ =A In y++B +AB 
Where A= 1/k = 2.5 A= 11.7 Virk 
B=5.5 B= 17.0 
B= f(`w) 
At the intersection of 3 and 4: - 
A, 2r, R, -m, = A2", (LI+8+&% 
. ý. ý. (S+4n) = 
(A: -A)ZMRi -1i 
Working as in appendix 1, integration across the 
pipe radius gives the volume flow rate, and we can hence 
show: - Ra 
0 
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The integration is carried out in three parts: - 
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34a (See appendix 1. 
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2446 
CGh 
"týri. 
I ý71ý)I1v^1rol -. 
(IVA. Le 2R, ß 
Continued- -- 
2L4.9 
On collecting terms we find: - 
Rý ýý *RolGt-A, (2h90-1)1- ,:. 12L)- -ý; 
1__- 
4' 9*" L 242 
+A l' 
[ L# 
-9, - -2- In ', Z - '-4&ý 2glw. 
1 
--- 7-14 
4 
T 
ýtýý 
pAýZhRý 
Noting that Q0. ýQ. 4 we get: - 
ý. 4 ivýA A ý1 ý1 8 Ri 
G 
'.. ý 
Io 
J-f 
Z irFOLY1'1ýI(Zw1ý. oý, 'ý iý 
Cýw 
Týý-- 
Q. ar( ýýý 
+Lz"g "1h2ý2ý ýL fy 
4. ý Zh 91 -. - r2.49, 
+ 2= j2NRI 
V- 
--- Aý Z. 
Terms struck out are small compared with the others, and 
are neglected leaving: - 
TZE 
--. -4.4 Rý . KG LS, "'A1(14P%t) "1)1*R., in-A, )Rs $2 
On inserting numerical values for the constants we find: - 
__ 
y ý'%ö8ývºQ. S,. 1 - 
«"5'04- 4- "co 4?.,. p., 1 266-015 
Foe a Newtonian fluid R, = Ro= 11.6, and the equation 
reduces to: - 
t 61-1 I"76aZ%Q. r -ß"Sýý +i Ef R84 
This agrees with the Von Karman result, 
ýýfý =ý"7ýýýwQa3 '"O"ý4. 
and thus provides a check on the integration. 
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by the present author, and these are marked with an 
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1) I. Mech E. Symposium on Boiling Heat transfer, sponsored 
by the Steam Plant, Nuclear Energy and Thermo, 
and Fluid Mechanics groups. Manchester, 
2) Convention and Symposium sponsored by the Thermodynamics 
and Fluid Mechanics groups of I. P, ýech. ý.. 
Liverpool, April 1 966. 
3) Euromech Collogppium, The Structure of Turbulence, 
Southampton, March 1967. 
1ý) I. Mech. E. Conversazione, Novel instrurn, cntotion in Thermo- 
dynamics and Fluid Mechanics. London, 
APri_1 19 61. 
5) British Society of RheoloSy conference, Non-Newtonian 
flow through pipes and passages. Shrivenham. (Sept. 1967'. 
Paper by author - "Turbulence and suppression 
and drag reduc' ion with macromolecular 
additives. " 
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6) Convention and ; symposium sponsored by the Thcrrno- 
dynamics and Fluid Mechanics groups of 
I. Mech.. E. Bristol, I-larch '1963. 
7) Symposium on turbulence suppression. with ref er. ence to 
Polyox type additives. Sponsored by Union 
Carbide U. K. Ltd. Bradford, Lpri1 1968. 
Paper by author - "Studies, of the flow 
characteristics of dilute Polyox solutions. " 
8} Symposium on viscous drag 
Office of Naval 
Research Center 
Invited. lecture 
characteristics 
solutions. " 
reduction, sponsored by U. S. 
Research and N. A. S . A. L. T. V. 
, _Dallas, 
Tee: S_eot. 1ýý8. 
presented by author :: "-Flow 
of dilute macrornolecular 
9) I. Chem. E. Graduates and Students section annual 
Symposium, "Recent developments in fluids 
handling. " London, O ct .1C, -I 
EI8. 
Paper by author - "Pipe friction reduction 
with maeromolecular additives. " 
10) Polyox conference, sponsored by Union Carbide U. K. Ltd. 
London, Sept. 1262. 
11) Discussions on Drag Reduction, a conference Admiralty 
Materials Laboratory, Holton Heath, 
Dorset, Nov. 1 9 69. 
'ý Informal paper presented by author. 
12) Symposium on internal flows, sponsored by the N. P. L. 
and I. Mech. E. Salford, April 1971 . 
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